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- The MAILING DATE of this communication appears on the cover sheet with the correspondence address - 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1 .136(a). In no event, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 
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Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1 .704(b). 

Status 

1)0 Responsive to communication(s) filed on . 

2a)D This action is FINAL. 2b)E3 This action is non-final. 

3) D Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayte, 1 935 CD. 1 1 , 453 O.G. 213. 
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4) [X] Claim(s) f-22 is/are pending in the application. 
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5) D Claim(s) is/are allowed. 

6) [X] Claim(s) 1-22 is/are rejected. 

7) Q Claim(s) is/are objected to. 

8) Q Claim(s) are subject to restriction and/or election requirement. 

Application Papers 
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Art Unit: 3623 

DETAILED ACTION 
Priority 

1 . Receipt is acknowledged of papers submitted under 35 U.S.C. 1 19(a)-(d), which papers 
have been placed of record in the file. 

Oath/Declaration 

2. The oath or declaration is defective. A new oath or declaration in compliance with 37 
CFR 1.67(a) identifying this application by application number and filing date is required. See 
MPEP §§ 602.01 and 602.02. 

The oath or declaration is defective because: 
Although it identifies the foreign application, it does not state that the foreign application had 
been filed by the inventor(s) or by the assignee, or the legal representative or agent, of the 
inventor, or on behalf of the inventor, pursuant to MPEP § 201.13, II, C. 

Specification 

3. The lengthy specification has not been checked to the extent necessary to determine the 
presence of all possible minor errors. Applicant's cooperation is requested in correcting any 
errors of which applicant may become aware in the specification. 

4. The disclosure is objected to because of the following informalities: 

a. Page 9, lines 3-8, appears to be inconsistent as to the explanations of the ratio. 
The first explanation of the number of orders ratio = the number of orders after orders 
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were nil over the number of orders before orders were nil. Whereas the second 
explanation of the ratio is the number of orders before the order expired and after the 
order expired. It seems that the second explanation is the inverse of the first explanation 
and not the same ratio. Clarification is required in response to this Office action. 

b. Page 1 1 , line 6, CRT should be spelled out at its first occurrence. 

c. Page 13, line 20, "form" should be from . 
Appropriate correction is required. 

Claim Objections 

5. A series of singular dependent claims is permissible in which a dependent claim refers to 
a preceding claim which, in turn, refers to another preceding claim. 

A claim which depends from a dependent claim should not be separated by any claim 
which does not also depend from said dependent claim. It should be kept in mind that a 
dependent claim may refer to any preceding independent claim. In general, applicants sequence 
will not be changed. See MPEP § 608.01(n). 

In the present application, the examiner has not changed the numbering or sequence of 
the claims. 

Claim Rejections - 35 USC § 112 
The following is a quotation of the second paragraph of 35 U.S.C. 1 12: 

The specification shall conclude with one or more claims particularly pointing out and distinctly claiming the 
subject matter which the applicant regards as his invention. 
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6. Claims 1-22 are rejected under 35 U.S. C 1 12, second paragraph, as being indefinite for 
failing to particularly point out and distinctly claim the subject matter which applicant regards as 
the invention. 

Claims 1, 7, 12, and 18, line 5, "the predetermined level" lacks antecedent basis in the 

claim. 

Claim Rejections - 35 USC §101 

35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, manufacture, or composition of matter, or 
any new and useful improvement thereof, may obtain a patent therefor, subject to the conditions and 
requirements of this title. 

7. Claims 1-22 are rejected under 35 U.S.C. 101 because the claimed invention is directed 
to nonstatutory subject matter. 

Claims I'll 

A process claim is statutory if it is limited to a practical application within the 
technological arts. 

First, a practical application is one that is useful, concrete, and tangible, i.e., a real world 
value and reproducible. Although the claims include forecasting a number of orders, an 
inherently useful result, a process that merely manipulates an abstract idea or performs a purely 
mathematical algorithm is nonstatutory despite the fact that it might inherently have some 
usefulness. In re Sarkar, 200 USPQ 132, 139 (CCPA 178). In the present application, the steps 
of gathering data and performing the steps of the equation(s) to arrive at the forecasted number 
of orders is nothing more than gathering and substituting values in an equation dictated by the 
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mathematical formula. Such steps are nonstatutory, without producing something that is 
concrete and tangible. 

Second, a process to be performed upon subject matter to be transformed and reduce to a 
different state or thing is within the technological arts. A process encompassing statutory subject 
matter is one that requires that certain things be done with certain substances, and in a certain 
order; but the tools to be used in doing this may be of secondary consequence. MPEP § 
2106,IV,B,2. In the present application, the claims are drawn to a method of compiling data and 
performing mathematical steps. Each step, as claimed, is a human activity not performed on any 
subject matter to be transformed and reduced to a different state, the claims are therefore 
nonstatutory, i.e., not within the technological arts. 

Therefore, process claims 1-11 are directed to nonstatutory subject matter. 

Claims 12-22 

The claims are drawn to a system for forecasting comprising "means" for performing 
functions. Looking to the specification for a determination of the scope of the claimed "means" 
reveals no particular machine or manufacture for performing the claimed functions. The 
disclosure does not include a computer program or logic circuit in support of the "means" 
limitation in the claim. Product claims not drawn to a specific machine or manufacture are 
evaluated as to the process to be performed by the product. Thus, the claims are evaluated as to 
the process to be performed by the system or product. Claims to processes that do nothing more 
than solve mathematical problems or manipulate abstract ideas or concepts are nonstatutory. If 
the steps of the claimed process manipulate only numbers, abstract concepts or ideas, or signals 
representative thereof, then the process does not manipulate appropriate subject matter. In the 
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present application, system claims 12-22 are nonstatutory because only an inherent usefulness 
has been claimed (as noted with regard to process claims 1-1 1 above) without producing 
something that is concrete and tangible. Further, the system process, as claimed, is a human 
activity not performed on any subject matter to be transformed and reduced to a different state, 
the claims are therefore nonstatutory, i.e., not within the technological arts. 

Therefore, system claims 12-22 are directed to nonstatutory subject matter. 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all obviousness 
rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 

8. Claims 1-6, 10, 12-17 and 21 are rejected under 35 U.S.C. 103(a) as being unpatentable 
over Mujtaba (article, Enterprise modeling and simulation: complex dynamic behavior of a 
simple model of manufacturing). 

Claims 1- 10 

Mujtaba discloses time analysis of orders for products (e.g., Adder-1, Adder-2, Adder-3, 
Adde-4) and compares the results of enterprise modeling and simulation for each of the products 
(for example, page 101, figures 15, 16 which depict orders after expiration represented by the 
curved line for each Adder/product). Mujtaba also mentions Monte Carlo simulation for analysis 
of business-oriented economics (page 82, left column, lines 1-1 1 a company finance department 
was modeled and the model subject to Monte Carlo simulation analysis). Further, Mujtaba 
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teaches in figure 4 the inventory curve for a product life cycle. Mujtaba teaches (claims 2-4, 6) 
forecasting for products having different order rates (page 92, right column, third and fourth 
paragraphs) and the effects of time series (page 93, figure 8). Mujtaba also teaches (claim 10) 
checking accuracy of forecast number of orders and making changes based on the comparison 
(page 91-92, A/F ratio, comparing forecasted demand with actual demand as they relate to 
product orders). Mujtaba teaches (claim 10) using initial orders as early indicators of a life cycle 
and revising the forecast after a certain period of time (page 94, right column, second paragraph). 
Mujtaba suggests (claim 7) combining probability distribution and simulation (page 99, right 
column, fifth paragraph, simulation and least sum of squares analysis). Mujtaba infers, rather 
than explicitly disclose, that products are categorized (page 101, right column, second paragraph, 
part commonality). 

The examiner takes Official notice that it is within the level of ordinary skill in the 
operations research art to categorize items being analyzed in order to expedite processing and 
analysis of future products in the same category. Also, the examiner takes Official notice that 
minimization of end-of life inventory, i.e., inventory left over that must be written off, is a 
consideration in the field of product manufacturing. 

Therefore, it would have been obvious to one of ordinary skill in the art at the time the 
invention was made to modify Mujtaba to include Monte Carlo simulation after categorization of 
products by characteristics in order to predict performance of future products in the same 
category and to simulate the demand over the life of a product in order to minimize end-of-life 
inventory and the associated write-off costs. 
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Regarding claims 5 and 8, the examiner takes Official notice that a ratio is merely a 
comparison of two things and such a comparison is within the level of ordinary skill in the 
operations research field of endeavor. 

Claims 12-21 

The system claims, are unpatentable in view of Mujtaba, for the same reasons as set forth 
in the rejection above. 



Conclusion 

9. The prior art made of record and not relied upon is considered pertinent to applicant's 
disclosure. 



Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Tamara L. Graysay whose telephone number is (571) 272-6728. 
The examiner can normally be reached on Mon - Fri from 8:30am to 5:00pm. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Tariq Hafiz, can be reached on (571) 272-6729. The fax phone number for the 
organization where this application or proceeding is assigned is 703-872-9306. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status information for published applications 
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). 
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® Verfahren zur Ermittlung des Grades der Aufgabenerfullung technischer Systeme 

® Ein Verfahren zur Bestimmung des Grades der techni- 
schen Aufgabenerfullung technischer Systeme beruck- 
sichtigt neben der reinen Verfugbarkeit des Systems auch 
die Folgenschwere eines Unverfugbarkeitsereignisses. In 
die Berechnung des so ermittelten Unverfugbarkertsrisi- 
kos flieBt als Folgenschwere der Unverfugbarkert auch 
der Ressourcenverbrauch bei der Behebung derselben 
ein, ebenso wie die Moglichkeit, im Falle der Un verfug- 
barkeit Ersatzsysteme bereitzustellen. Beispiejsweise 
kann zwischen geplanten und ungeplanten Unverfugbar- 
keiten unterschieden warden. Das Verfahren simuliert die 
Nutzungsdauer eines Systems als eine Folge von Durch- 
laufen einer Monte-Carlo-Simulation, wobei innerhalb ei- 
ner Simulation durch Funktionsblocke die Interdepen- 
denz der einzelnen Komponenten nachgebildet wird. Die 
empirisch oder teilempi risen ermittelte Versagenswahr- 
scheinlichkeit der Einzel komponenten dient hierbei als 
Eingabegrd&e. Ereignisse, die wahrend eines Simulati- 
| onsdurchlaufes auftreten, werden in den folgenden Si- 
nn ulationen berucksichtigt. Somtt kann das reale Verhal- 
ten des Systems mit einfachen Vorgaben sehr genau be- 
schrieben werden. Mit Hilfe des Verfahrens kann die Aus- 
legung und die Instandhaltung des Systems so gesteuert 
werden, dass ein maximaler Grad der Erfullung der tech- 
nischen Aufgabe bei minimalem Ressourceneinsatz re- 
sult iert. 




BUNDESDRUCKEREI 02.00 002 016/735/1 



14 



DE 198 48 094 A 1 



l 

Beschreibung 

Technisches Gebiet 

Die vorliegende Erfindung betriffl ein Verfahren nach 
dem Qberbegriff des Anspruchs 1. 

Stand der Tbchnik 

Vor dem Hintergrund einer standig steigenden Weltbevol- 
keiung gerade in den bis anhin schwacher entwickelten Re- 
gionen, der Notwendigkeit, auch diese Regionen zu indu- 
strialisieren, und dem daraus resultierenden Hunger nach 
nattirlichen Resourcen, trat im Laufe der vergangenen bei- 
den Jahrzehnte in der modemen lecnnik der effiziente und 
nachhaltige Einsatz von Rohstoffen und Energie zusehends 
in den Vordergrund. 

Neben dem effizienten Resouiceneinsatz beim Betrieb ei- 
nes technischen Systems ist hierbei auch der Umstand zu se- 
hen, dass technische Systeme selbst Resourcen binden, ins- 
besondere in Form in ihnen verbauter Rohstoffe, und wah- 
rend ihier Herstellung eingesetzter Energie, die sich trotz 
vermehrter Anstrengungen, den Kieislauf wirtschaftlich 
verwerteter Stoffe zu schliessen, meist nur unvollkommen 
und wiederum unter hohem neuerlichem Resourceneinsatz 
wiederverwerten lassen. 

Die naheliegendste Mogtichkeit, den Resouiceneinsatz zu 
minimieren, besteht sicherlich in konsequentem Leichtbau 
und daraus resultierenden Matedaleinsparungen, wie auch 
in vielen Fallen Energieeinsparungen. Jedoch ist zu beruck- 
sichtigen, dass ein technisches System nur dann iiberhaupt 
einen sinnvollen Resourceneinsatz darstellt, wenn es in der 
Lage ist, die gestellte Aufgabe mit hoher Effizienz zu ver- 
richten. Daraus ergibt sich, dass ein System, das mit gerin- 
gem Rohstoffeinsatz unter Verwendung modemster Techno- 
logien leicht und filigran konstruiert wuide, aufgrund einer 
verstarkten Belastung mdglicherweise einen hohen War- 
tungsaufwand, hdhere Ausfallrisiken und eine geringere Le- 
bensdauer aufweist Ab einer gewissen Grenze der Resour- 
cenausnutzung in einem technischen System wird also der 
Fall auftreten, dass einzelne Komponenten haufig ausge- 
tauscht werden mussen, dass haufige Stillstande erfordedich 
sind, und dass nicht zuletzt durch eine geringere Verfugbar- 
keit der Grad der Erfullung der technischen Aufgabe sinkt, 
so, dass eine starkere Redundanz des Systems erfordedich 
ist In der Summe wird die ursprQnglich erzielte Resourcen- 
einsparung also wieder wettgemachL 

In diesem Zusammenhang darf auch nicht auf den reinen 
Verbrauch stoffiicher Resourcen fokussiert werden: Ein 
hochkomplexes System hochster technischer Wertigkeit mit 
entsprechendem Wartungsbedarf bindet wahrend seiner Pla- 
nung, seiner Erstellung und seinem Einsatz hochqualifi- 
zierte Arbeitskraft, die bei der erfordedichen Spezialisie- 
rung ebenfalls zu einem knappen Gut wird 

Dagegen steht die Philosophic, technische Systeme sehr 
robust und einfach auszulegen. Aus dem Einsatz weniger, 
nur gering belasteter Komponenten resultiert ein zuverlassi- 
ges System mit geringem Wartungsaufwand und einem ge- 
ringen Bedarf an Redundanz, das allerdings bei seiner Aus- 
fUhrung einen hohen Resourceneinsatz erfordert, und weni- 
ger effizient betrieben werden kann. Hinzu kommt, dass 
mdglicherweise dieses System weit vor dem Ende seiner 
Lebensdauer veraltet, das heisst gegentiber dem Stand der 
Technik eine derart geringe Wertigkeit aufweist, dass es 
nicht langer in nennenswertem Ausmasse betrieben wird, 
woraus letztlich wieder eine mangelhafte Ausnutzung zuse- 
hends knapper und wertvoller Resourcen resultiert. 

Der verantwortungsvolle Umgang mit nattirlichen Re- 



sourcen stellt somit eine hochst komplexe Optimierungsauf- 
gabe dar, deren Losung davon abhangt, die Zusammenhange 
richtig darzustellen und die unterschiedlichen Einflussgrds- 
sen mSglichst realistisch zu bewerten. 
5 Diese abstrakten Ausftihrungen seien nachfolgend an- 
hand eines Beispiels dem interessierten Fachmann nahege- 
bracht. . 

Es sei die Versorgung eines Netzes mit einer bestimmten 
elektrischen Leistung sicherzustellen. Einfach und schnell - 

10 auch mit geringem Rohstoffeinsatz - ist dies mit einer An- 
zahl Gasturbinen zu bewerkstelligen. Ausgangspunkt der 
Betrachtung seien Gasturbinen einer alteren bewahrten Bau- 
reihe, mit moderaten Heissgastemperaturen und einem mo- 
deraten Brennkammerdruck. Hier kann mit einer hohen Zu- 

15 verlassigkeit und geringem Wartungsaufwand, somit hoher 
Verfiigbarkeit, gerechnet werden, allerdings auf Kosten des 
Wirkungsgrades. Insgesamt wird sich eine relativ geringe 
technische Wertigkeit des Systems ergeben, bedingt durch 
eine geringe Resourcenausnutzung, auch aufgrund geringer 

20 Mated alauslastungen. Andererseits muss zur Aufrechterhal- 
tung der technischen Funktion auch eine geringe Reserve 
vorgehalten werden, was den Resourceneinsatz verringert 
Hypothetisch werden nun die thermodynamischen Daten 
der Gasturbinen gesteigert Damit steigt der Wirkungsgrad 

25 einer Maschine, und, da das Material hoher belastet wird, 
auch die RohstorTausnutzung. Im Gegenzug wird die Le- 
bensdauer und Zuverlassigkeit bestimmter Komponenten, 
und der Wartungsaufwand, steigen. Ein hdherer Wartungs- 
aufwand bedeutet mehr S tills tandzeiten, weshalb mehr Re- 

30 serve vorgehalten werden muss, anders ausgedruckt, es 
miissen Resourcen als Reserve fur Unverftigbarkeiten vor- 
gehalten werden, und diese Resourcen tragen nicht primar 
zur Funktion des technischen Systems bei. Das heisst, bei ei- 
ner Wirkungsgraderhdhung der Gasturbinen steigt die Re- 

35 sourcenausnutzung zunachst, sinkt aber ab einem bestimm- 
ten Punkt aufgrund der notwendigen hohen Reservevorhal- 
tung bezogen auf das Gesamtsystem "Stromversorgung" 
wieder. 

Nunmehr kann bei einem bestimmten Entwicklungsstand 
40 der Gasturbinen ein Kombikraftwerk in ErwSgung gezogen 
werden. Damit steigt der Rohstoffeinsatz bei der Herstel- 
lung, jedoch sinkt der Resourcenverbrauch bei der Strom- 
produkrion. Andererseits steigt die Zahl der Komponenten, 
die einen Ausfall des' Systems verursachen konnen, und es 
45 stellt sich wieder die Frage nach der notwendigen Redun- 
danz zur Aufrechterhaltung der Funktion des Gesamtsy- 
stems. 

Eine realistische Beurteilung der \ferfugbarkeit eines 
technischen Systems, respektive der notwendigen Reserve- 

50 vorhaltung bedingt nunmehr, das Ausfallrisiko einer einzel- 
nen Komponente zu kennen, und auch die Folgenschwere 
eines Ausfalls zu beurteilen: Nicht jede Komponente inner- 
halb eines Kraftwerks ist von so unmittelbarer Bedeutung 
fur die technische Funktion, dass sein Ausfall mit dem Aus- 

55 fall des Gesamtsystems gleichzusetzen ist Mitunter kann 
eine Reparatur bis zur nachsten Wartung aufgeschoben wer- 
den. Auch ist die Folgenschwere einer Un verfiigbarkeit des 
gesamten Systems nicht immer dieselbe: Eine geplante Un- 
verfiigbarkeit zu Wartungszwecken ist sicher leichter be- 

60 herrschbar als ein plotzlicher Ausfall eines Kraftwerkes. 
rfieraus resultiert weiterhin der Zwang, bei der Verfug- 
barkeitsanalyse die funktionalen Zusammenhange zwischen 
den einzelnen Komponenten des Gesamtsystems, die und 
die Folgenschwere von Ausfallen zu beriicksichtigen. Wei- 

65 terhin gilt es auch, die Warnings- und Tbileaustauschstrate- 
gie in Betracht zu Ziehen. Die Wahrscheinlichkeit einer un- 
vermittelten Unverfugbarkeit sinkt sicher, wenn Wartungs- 
massnahmen rechtzeitig durchgefuhrt werden. Andererseits 
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ist aucb die Wartung eine Unverfugbarkeit, und der Aus- 
tausch von leilen ein Resourcenverbrauch. Es kann ein 
Bauteil ausgetauscht worden sein, das noch lange gehalten 
hatte, und durch eines ersetzt worden sein, das durch einen 
Fabrikationsfehler rccht bald versagt Ebenso kann es bei 5 
der Wartung selbst zu Fehlern kommen, was wiederum 
durch den Verbrauch der Resource "Qualifiziertes Personal" 
beeinflusst wild 

Es wird deutlich, welcbe Faktoren bei ganzheitlichen Be- 
urteilung der Zuverlassigkeit eines technischen Systems zu 10 
berucksichtigen sind: Neben der reinen Unverfiigbarkeits- 
wahrscheinlichkeit muss auch die Folgenschwere einer Un- 
verfugbarkeit beriicksichtigt werden, worunter die Nichter- 
fQllung der technischen Aufgabe, der zur Behebung einer 
Unverfugbarkeit notwendige Resourcenverbrauch - Roh- 15 
stoffe und qualifizierte Arbeitskraft- sowie ein zur Reserve- 
vorhaltung notwendiger Resourcenverbrauch zu subsum- 
mieren sind, wobei diese Aufzahlung keinen Anspruch auf 
Vollstandigkeit erhebt. Weiterhin ist sinnvollerweise der ge- 
samte zur Bereitstellung des technischen Systems notwen- 20 
dige Resourceneinsatz zu gewichten: Ein vielfach redundan- 
tes System wird zu einer geringen Unverfugbarkeitswahr- 
schednlichkeit fuhren, wobei das System aber unverhaltmV 
massig viele Resourcen bindet 

Schliesslich muss noch beriicksichtigt werden, dass eine 25 
neue Technologie, die prima facie ein hoheres Unverffigbar- 
keitsrisiko beinhaltet, fiber die Lebensdauer eines techni- 
schen Systems wie eines Kraftwerks weiterentwickelt wird, 
und die Verfugbarkeit dutch sukzessiven Austausch von 
Komponenten gegen verbesserte Varianten erhoht wird. 30 

Dieser unvollstandige Abriss zeigt die enorme Komplexi- 
tat des der Erfindung zugrundeliegenden Problems. Derar- 
tige Verfligbarkeitsanalysen werden bis anhin beispiels- 
weise mit Hilfe der Fehlerbaumanalyse, der Ereignisbaum- 
analyse, oder der Markov-Analyse durcfagefuhrt Mit alien 35 
genannten Verfahren ist es schwierig, zu einer Beurteilung 
der Folgenschwere einer Unverfugbarkeit, zu kommen. Mit 
Ausnahme der Markov-Analyse ist keines der Verfahren in 
der Lage, den Einfluss uuterschiedlicher Wartungsstrategien 
zu berucksichtigen. Allerdings ist das Markov- Verfahren 40 
selbst derart komplex, dass nur eine geringe Komplexitat 
der Aufgabe zu erf assen ist Weiterhin wird bei diesem \fer~ 
fahren fibersehen, dass Warnings- und Reparatunnassnab- 
men einen Einfluss auf das weitere Verhalten des techni- 
schen Systems im Hinblick auf die Verfugbarkeit haben. 45 

Nach dem Stand der lechnik ist kein Verfahren bekannt, 
das in der Lage ist, die oben dargestellten hochkomplexen 
Zusammenhange so realistisch daizustellen, dass eine zu- 
verlassige Vorhersage der Verfugbarkeit technischer Sy- 
steme und damit der notwendigen Redundanz ermoglicht 50 
wird. 

Darstellung der Erfindung 

Ziel der Erfindung ist es also, bei einem Verfahren der 55 
eingangs genannten Art die Auswirkungen geplanter und 
zufalliger Ereignisse auf die Verfugbarkeit eines techni- 
schen Systems realitatsnah zu berucksichtigen. 

Erreicht wird dies durch die Merkmale des Anspruchs 1. 

Kern der Erfindung ist es also, das Unverfugbarkeitsri- 60 
siko eines technischen Systems zu ermitteln, und durch eine 
Anpassung einer Warnings- und leileaustauschstrategie zu 
verbessem, oder aber bereits in der Planungsphase entspre- 
chend Einfluss zu nehmen. Erfindungsgemass wird hierzu 
ein Funktionsdiagramm des technischen Systems erstellt, 65 
welches das Zusammenspiel der unterschiedlichen Kompo- 
nenten wiedergibt Mittels eines Monte-Carlo- Verfahrens 
wird sodann die Nutzungsdauer des Systems in einer Folge 



von Simulationsdurchlaufen simuliert Dabei wird aufgrund 
der vorgegebenen Unverfiigbarkeitswahrscheinlichkeit je- 
der Einzelkomponente bei jedem Simulationsdurchlauf ent- 
schieden, ob ein UnverfUgbarkeitsereignis eingetreten ist. 
Die vorgegebenen funktionellen Zusammenhange des Ge- 
samtsystems in der Simulation ermdgtichen, die Auswir- 
kungen des Versagens einer einzelnen Komponente auf die 
Verfugbarkeit des gesamten Systems zu ermitteln, und die 
Folgenschwere einer Unverfugbarkeit zu bestimmen. So 
kann beispielsweise festgestellt werden, ob ein sofortiger 
Ausfall des Gesamtsystems die Folge der Unverfugbarkeit 
einer Komponente ist, und wie lange diese Unverfugbarkeit 
des Gesamtsystems andauern wird. Auf diese Weise kdnnen 
die Unyerfugbarkeiten des Systems fiber alle Simulations- 
schritte, anders ausgedriickt die Nutzungsdauer des Sy- 
stems, mit der jeweiligen Folgenschwere gewichtet aufsum- 
miert werden, woraus sich der Vferlauf des Unverfugbar- 
keitsrisikos des Systems fiber seiner Nutzungsdauer ergibt 
Ein wesentlicher VDrteil des Verfahrens ist also, neben der 
reinen Unverfugbartkeitswahrscheinlichkeit auch die Fol- 
genschwere einer Unverfugbarkeit - Dauer, Resourcenein- 
satz zur Behebung eines Schadens, geplante oder ungeplante 
Unverfugbarkeit - berucksichtigen zu kdnnen. Ein weiterer 
grosser Vorteil des erfindungsgemassen Verfahrens ist, dass 
eingetretene Ereignisse im folgenden Simulationsschritt be- 
riicksichtigt werden. 

Kurze Beschreibung der Zeichnung 

Fig. 1 zeigt beispielhaft den Verlauf der Unverfugbar- 
keitswahrscheinlichkeit eines technischen Systems als 
Funktion der Nutzungsdauer fur unterschiedliche Wartungs- 
intervalle. 

Fig. 2 zeigt den aus diesen Strategien resultierenden Ver- 
lauf des Unverfugbarkeitsrisikos fiber der Nutzungsdauer. 

Fig. 3 zeigt schematisch einen Ablaufplan zur Ausfuh- 
rung der erfindungsgemassen Verfahrens. 

Weg zur Ausfuhrung der Erfindung 

Die technische Lehrc der Erfindung sei vorweg an einem 
sehr greifbaren Beispiel illustriert Fig. 1 zeigt den zeitli- 
chen Verlauf der UnverfUgbarkeitswahrscheinlichkeit eines 
technischen Systems, wobei ein zur Minimiemng des Un- 
verfugbarkeitsrisikos, und somit zur Erzielung eines maxi- 
malen Grades der Aufgabenerfiillung, mithin also einer op- 
timalen Resourcenausnutzung, am besten geeignetes War- 
tungsintervall bestimmt werden solL Ganz konkret konnten 
dies die Wartungsintervalle eines Kraftfahrzeuges sein. 

Zum Zeitpunkt t = 0 wurde soeben eine Wartung beendet. 
Die Erfahrung lehrt, dass unmittelbar nach Eingriffen in ein 
technisches System die Unverfugbarkeitswahrscheinlich- 
keit leicht erhoht ist. So wurde beispielsweise die Olablass- 
schraube nicht richtig festgezogen sein, oder ein Keilriemen 
gegen einen aus fehlerhafter Produktion ausgetauscht Un- 
mittelbar nach einer Wartung sinkt die Unverffigbarkeits- 
wahrscheinlichkeit recht schnell auf ein Minimum, und 
steigt dann aufgrund fortschreitenden Verschleisses wieder 
an. Bei der nSchsten Wartung ist der Kraftwagen dann mit 
Sicherheit unverftigbar; die Unverfugbarkeitswahrschein- 
lichkeit wird also zu 1 . Im Beispiel wurde weiterhin beriick- 
sichtigt, dass beim langsten Wartungsintervall die Unver- 
fUgbarkeitsdauer grosser ist 

Wie ersichttich ist, wird die kumulierte Unverfugbarkeits- 
wahrscheinlichkeit bei der Wartungsstrategie 1 am klein- 
sten. 

Diese Betrachtung ist jedoch zur Beurteilung der Auf- 
rechterhaltung der Wertigkeit des technischen Systems 
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"Kraftwagen" absolut unzureichend. Denn die Folgen einer 
Panne bei Nacht und Regen auf einer einsamen Lands trasse 
sind ungleich hoher zu bewerten als die Folgen eines ge- 
planten Werkstattbesuches : Im letzteren Fall kann zur Auf- 
rechterhaltung der technischen Funktion "Fortbewegung" 5 
problemlos im \faraus der Einsatz einer Ersatzresource, bei- 
spielsweise Bus oder Fahrrad, zariickgegriffen werden. 
Weiterhin mussen bei der Beurteilung des Unverfugbar- 
keitsrisikos des Gesamtsystems auch immer die Unverfug- 
baikeitswahrscheinlichkeit und Folgen schwere der Unver- 10 
fQgbarkeit einzelner Komponenten berticksichtigt werden: 
Bin defektes Scheibenwischerblatt mag zwar vergleichs- 
weise wahrscheinlich sein, jedoch werden die meisten Fah- 
rer dies ohne Werkstattaufenthalt beheben kdnnen, weshalb 
die Folgenschwere praktisch Null ist Der Ausfall der Licht- 15 
maschine bedingt zwar in den meisten Fallen einen Werk- 
stattaufenthalt, die Wahrscheinlichkeit, mit der Batterie die 
nachste Werkstatt oder gar das Reiseziel zu erreichen, is t je- 
doch relativ gross. Die Folgenschwere einer ausgefallenen 
Olpumpe oder gar eines Bremsenversagens muss hingegen 20 
sehr hoch beurteilt werden. 

Weiterhin ist bei Schaden, die einen Werkstattaufenthalt 
bedingen, zu unterscheiden, ob sie unmittelbar die techni- 
sche Aufgabenerfiillung des Systems verhindem, oder ob 
die Funktion in Grenzen aufrecbterhalten wird, ein notwen- 25 
diger Werkstattaufenthalt also im Vbraus geplant werden 
kann. 

All diese Faktoien sind durch ein Verfahren, zur Ermitt- 
lung der Verfugbarkeit eines technischen Systems sinnvoll 
nriteinander zu verknupfen. 30 

Wild ftir das angeftihrte Beispiel das resultierende kumu- 
lierte Unverfugbarkeitsrisiko ermittelt, so zeigt Fig. 2, dass 
Wartungsstrategie 2 iecht nabe am Optimum liegt. 

Die Ermittlung des UnverfUgbarkeitsrisikos wird erfin- 
dungsgemass durch eine Monte-Carlo-Simulation vorge- 35 
nommen. Diese simuliert die Nutzungsdauer eines techni- 
schen Systems als Folge von Zeitschritten. \for jedem Zeit- 
schritt findet eine Zufallsentscheidung statt, ob eine Kompo- 
nente versagt oder nicht, wobei die Haufigkeit der \fersa- 
gensereignisse von einer vorgegebenen Versagenswahr- 
scheinlichkeit einer Komponente abhangt Ein Versagen 
wird - auch in Abhagigkeit von der Signifikanz der Wirkung 
einer Komponente im System - mit der Folgenschwere ge- 
wichtet Das heisst, anhand der Funktionsblocke kann ent- 
schieden werden, ob ein Versagensereignis eine unmittel- 45 
bare Unverfugbarkeit des Gesamtsystems zur Folge hat, und 
welcher Resourceneinsatz notwendig ist, um den Defekt zu 
beheben. Dabei ist die Monte-Carlo-Simulation in der Lage, 
auch die Zusammenhange sehr komplexer Systeme mit ver- 
tretbarem Aufwand zu erfassen. Dabei kann ein nicht beho- 50 
bener Schaden Einfluss auf die folgenden Simulations- 
schritte nehmen, ebenso wie der Austausch einer Kompo- 
nente. 

Ein Beispiel fur den erfindungsgemassen Verfahrensab- 
lauf ist im Russdiagramm in Fig. 3 dargestellt Zunachst 55 
mussen der Simulation die Daten fur die UnverfQgbarkeits- 
wahrscheinlichkeit der einzelnen Komponenten als Funk- 
tion der Einsatzdauer einer Komponente zur Vferfugung ge- 
stellt werden. Danach kann mit der Simulation ab einem Be- 
zugszeitpunkt begonnen werden. Das nachfolgende Funkti- 60 
onsdiagramm muss das Zusammenspiel der einzelnen Kom- 
ponenten des technischen Gesamtsystems wiedergeben, und 
besteht allgemein aus Blocken, die parallel, in Serie oder als 
k-aus-n-Logiken zusammengesetzt sind Es ist hierbei nutz- 
lich, die einzelnen Komponenten ihrer Funktion entspre- 65 
chend in hierarchisch gegliederte Untersysteme aufzuteUen. 
Im Ausfuhrungsbeispiel sind dies zwei Subsysteme A und 
B, wobei Subsystem B einen unmittelbaren Einfluss auf die 
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Funktion des technischen Gesamtsystems hat, Subsystem A 
keine zumindest unmittelbare Wirkung. 

In einem ersten Schritt wird iiberprtift, ob die Subsysteme 
A und B verfilgbar sind. Ist Subsystem B unverfiigbar, oder 
ist eine Wartung geplant, tritt ein Unverfugbarkeitsereignis 
ein, das jeweils mit der Folgenschwere der jeweiligen Un- 
verfugbarkeit gewichtet wird Im Falle eines Stillstandes 
konnen nun mehrere Parameter verandert werden, beispiels- 
weise wird die Einsatzdauer einer ausgetauschten Kompo- 
nente wieder zu Null gesetzt, oder deren Unverfugbarkeits- 
wahrscheinlichkeit verandert, falls die Komponente gegen 
eine verbesserte Version ausgetauscht wurde. Schliesslich 
kann das Unverfugbarkeitsrisiko als Funktion der Zeit dar- 
gestellt werden. 

Die Versagenswahrscheinlichkeit einer einzelnen Kom- 
ponente, die bei dem erfindungsgemassen Verfahren aus- 
reicht, um die Verfugbarkeit des Gesamtsystems zu ermit- 
teln, kann beispielsweise aus Erfahrungen im Feldeinsatz 
empirisch gewonnen worden sein. Bei konstruktiven Veran- 
derungen sind die Auswirkungen der ergriffenen Massnah- 
men zu extrapoHeren. Die Daten der Zuvertassigkeit der 
Einzelkomponenten sind also mit vergleichsweise hoher 
Genauigkeit bekannt Bei einem sinnvollen Aufbau der 
Funktionsblocke des erfindungsgemassen Verfahrens kann 
die Gesamtverfugbarkeit zu einem bestimmten Zeitpunkt 
der Nutzungsdauer in sehr engen Grenzen spezifiziert wer- 
den. 

Ein solches Verfahren ist selbstverstandlich bereits bei 
der Auslegung eines technischen Systems ausserst nutzlich. 
So kann beispielsweise die Redundanz verschiedener Sub- 
systeme im Funktionsdiagramm dargestellt und die Auswir- 
kungen einer Veranderung der funktionalen Zusammen- 
bange bereits in der Design-Phase beobachtet werden. Wei- 
terhin kann auch die Verfugbarkeit eines beliebig komple- 
xen Gesamtsystems in Abhangigkeit der Wartungszyklen 
und des Austauschs von Verschleissteilen ermittelt werden, 
um somit eine verbesserte Resourcenausnutzung zu ermog- 
lichen. Werden als Folgenschwere Ereigniskosten einge- 
setzt, ermoglicht dies wiederum eine \forhersage von Pro- 
40 jektkosten. 

Die technische Lehre des Erfindungsgegenstandes besteht 
zusammenf assend darin, dass dem Fachmann eine Moglich- 
keit offenbart wird, bereits in der Flanungsphase hochkom- 
plexe technische Systeme so auszulegen, dass die Erfullung 
der technischen Aufgabe des Systems mit grdsstmoglicher 
Effizienz aufrechterbalten wird. Dabei konnen auch nega- 
tive Wirkungen einer steigenden Systemkomplexitat und 
eine daraus resultierende schlechtere Resourcenausnutzung 
fruhzeitig erkannt und vermieden werden. Da zufallige und 
geplante Ereignisse erfasst und entsprechend ihrer Folgen- 
schwere gewichtet werden, konnen weiterhin optimale Zeit- 
punkte fur Wartung und Teileaustausch bestimmt werden. 
Ebenso kann, wenn eine Komponente in einer verbesserten 
Ausfuhrung zur Verfugung stent, der beste Zeitpunkt fur de- 
ren Austausch mit Hilfe des erfindungsgemassen Verfahrens 
ermittelt werden. 

Insgesamt weist das erfindungsgemasse Verfahren somit 
den Weg zu einer Optimierung der Verfugbarkeit techni- 
scher Systeme und einer verbesserten Resourcenausnut- 
zung. 

Patentanspruche 

Verfahren zur Ermittlung des Grades der Aufgabener- 
fiillung technischer Systeme unter Beriicksichtigung 
einer Warnings- und Tetfeaustauschstrategie, dadurch 
gekennzeichnet, dass in einer Monte-Carlo-Simula- 
tion ein funktionelles Zusammenwirken einzelner 
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Komponenten des Systems duich Funktionsblifcke dar- 
gestellt wild, welche FunktionsbLdcke die Auswirkun- 
gen des Versagens einer Komponente auf die VerfOg- 
barkeit des Gesamtsystems wiedergeben, dass die Ver- 
andeiung der Verfiigbaxkeit des Systems aufgrund zu- 5 
fSlliger und geplanter Ereignisse mit Faktoren gewich- 
tet witd, welche Faktoren aus einer Folgenschweie ei- 
ner Unverfugbarkeit gebildet werden, welche Folgen- 
schwere die Flanbarkeit der UnverfUgbarkeit und den 
zur Behebung notwendigen Resourceneinsatz beinhal- 10 
tet, dass der zeitliche Verlauf der SystemverfQgbarkeit 
in Abhangigkeit von einer Warnings- und Teileaus- 
tauschstrategie ermittelt wird, dass eine teilempirisch 
ermittelte Lebensdauer unterschiedlicher Systemkom- 
ponenten beriicksichtigt wird, und dass die Auswir- is 
kung von Ereignissen wie Reparatur- und Wartungs- 
massnahmen auf den weiteren zeitlichen Verlauf der 
Systemverfugbarkeit beriicksichtigt wird. 
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Enterprise Modeling and Simulation: 
Complex Dynamic Behavior of a 
Simple Model of Manufacturing 



(A 



Simulating a structurally simple model of a manufacturing enterprise 
revealed complex dynamic behavior. Enterprise modeling and simulation 
provided estimates of end-of-life inventory and order delivery performance 
based on interactions of forecast quality, quoted product availability, 
material procurement and safety stock policies, vendor lead times, 
product life cycle, and part commonality. An unexpected result was that 
end-of-life inventory can exist even under ideal environmental conditions. 
Prospective applications of these methods include estimating the effects 
of incremental improvements, verifying impacts of process changes, and 
generating enterprise behavior information. 

by M. Shahid Mujtabaf 



Can we understand the potential impacts of process changes? 
Can we quantify the expected amount of improvements and 
benefits? Can we anticipate the effects of environmental 
changes? Can we predict the effects and side-effects of mak- 
ing changes? And can we do all these before taking action 
and making major resource commitments? 

We suggest that the answer is yes to all these questions, and 
the means is enterprise modeling and simulation. 

The purpose of this paper is to show how enterprise model- 
ing and simulation research activities at HP Laboratories 
can be applied to predict system behavior and gain insights 
using sound engineering and scientific principles and tech- 
niques before implementing the new solution at the level of 
the business enterprise. 

In this paper, we first discuss modeling and simulation tech- 
nology in broad terms to provide background and context. 
We then describe one model, the Simple Model, in detail, 
and present the insights gained from running simulations on 
that model and analyzing and displaying the results. An un- 
expected insight was that end-of-life inventory existed at the 
end of the product life cycle even though the method for 
computing safety stocks should theoretically have resulted 
in none when customers ordered exactly according to fore- 
cast Other interesting insights were that high inventory levels 
can occur when actual orders come in too high or too low 
with respect to forecasts. In other words, forecast quality has 
a major impact on some of the metrics under consideration. 
We then describe the current state of enterprise modeling 
and simulation, future research directions, and possible ap- 
plication areas, including process reengineering on page 86. 
In the appendixes we include more detailed explanations 
and sufficient technical details of the model to permit the 
results to be duplicated by other researchers. A glossary of 

t Author can be reached at email address mujtaba@hplhpxom. 



terms and a summary of the values for different experiments 
are provided for quick reference on pages 85 and 95. The 
evolution of enterprise modeling and simulation activities at 
HP Laboratories and the place of the Simple Model in those 
activities provides a historical context and is described on 
page 90. 

Modeling and Simulation 

Extensive literature exists on the simulation modeling pro- 
cess, for example Chapter 1 of Law and Kelton, 1 Chapter 1 
of Pritsker, 2 Chapter 6 of McHaney, 3 and Law and McComas. 4 
The general consensus is that the purposes of the simulation 
modeling process are to define a problem clearly and to de- 
velop a model as a tool to understand and solve that problem. 

"Modeling and simulation have become endeavors central to 
all disciplines of engineering and science. They are used in 
the analysis of physical systems where they help us gain a 
better understanding of the functioning of our physical world. 
They are also important to the design of new engineering 
systems where they enable us to predict the behavior of a 
system before it is actually built. Modeling and simulation 
are the only techniques available that allow us to analyze 
arbitrarily nonlinear systems accurately and under varying 
experimental conditions." 5 

"The facility or process of interest is usually called a system, 
and in order to study it scientifically we often have to make 
a set of assumptions about how it works. These assumptions, 
which usually take the form of mathematical or logical rela- 
tionships, constitute a model that is used to try to gain some 
understanding of how the corresponding system behaves." 1 

Thus, a model is a conceptual abstraction of an existing or 
proposed real system that captures the characteristics of 
interest of the system. Modeling is the process of building 
the abstraction (model). 
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"If the relationships that compose the model are simple 
enough, it may be possible to use mathematical methods 
(such as algebra, calculus, or probability theory) to obtain 
exact information on questions of interest; this is called an 
analytic solution. However, most real-world systems are too 
complex to allow realistic models to be evaluated analytically, 
and these models must be studied by means of simulation." 1 

"Simulation is the use of a model to develop conclusions that 
provide insight on the behavior of any real world elements. 
Computer simulation uses the same concept but requires that 
the model be created through programming on a computer." 3 

In general, modeling and simulation are useful when system 
prototyping is too costly or time-consuming, seriously dis- 
ruptive, or simply impossible. They are useful for exploring 
proposed system changes by providing performance esti- 
mates of a proposed system or of an existing system under 
some projected set of operating conditions. A simulation 
model or set of models can provide an experimental testbed 
on which to try out new ideas or concepts, since it is 
cheaper to experiment in the laboratory than on the real 
system. 

Our premise is that these techniques applied to enterprise 
processes could help predict the behavior of the organization 
more quantitatively than repeated assertion or the application 
of mental models. 

Enterprise Modeling and Simulation 

We define enterprise modeling as the process of building 
abstractions or models of three primary functional compo- 
nents of an enterprise: manufacturing, marketing, and R&D 
(research and development) for the purpose of gaining in- 
sight into the interactions between these functions and the 
interaction of the enterprise with other enterprises. The 
complexity of the enterprise and the large number of people 
who have ownership of different parts makes it difficult for 
a single individual to grasp a detailed understanding of all 
the components. There is a limit to the level of complexity 
and the means to share and communicate it with others that 
can be carried in the head of a single individual. 

Many process changes and decisions are based on implicit 
mental models in the heads of decision makers or advocates. 
Mental models 6 are deeply ingrained assumptions, general- 
izations, or even pictures or images that influence how we 
understand the world and how we take action. Very often, 
we are not consciously aware of our mental models or the 
effects they have on our behavior. 6 Generally mental models 
assume that there are a small number of factors in cause and 
effect relationships. The problem with mental models is the 
difficulty of communicating them, checking their consistency, 
and combining the mental models of different people. It is 
very difficult to estimate the effects of interacting factors 
and to combine mental models into a larger-scale composite 
model that incorporates the insights, knowledge, and under- 
standing of many individuals. 

One means of merging different viewpoints is the use of 
Hierarchical Process Modeling, 7,8 which provides an ex- 
plicit, graphical representation of the process with which 
individuals can agree or disagree. Experience in applying 
Hierarchical Process Modeling 9 to the building of enterprise 
models suggests that the result is a repository for knowledge 



of the processes we are studying. During its creation, team 
members develop a common understanding of the dynamics 
of model behavior through interaction with one another and 
with the model. The result is an explicit model that reconciles 
differing points of view and a reusable model that serves as 
a foundation on which to build future models. 

There is an awareness that a model can be used to embody 
knowledge of a system rather than be used as a tool. 10 For 
example, Funke 11 states that at the Boeing Company, simu- 
lation has provided "a forum for the collection of process 
operating rules and assumptions in one medium as a basis to 
develop the model" of a process or system. 

Other ongoing works on the application of models to em- 
body knowledge at the enterprise level of manufacturing 
operations include TOVE 12 and CIM-OSA. 1314 Pardasani and 
Chan 15 describe the expansion of an infrastructure for creat- 
ing simulation models based on the ISO reference model for 
shop floor production standards to create enterprise models. 

In applying the process of enterprise modeling and simulation 
we need to engage in activities of modeling in the large (with 
"model as knowledge") where the major issues of interest 
are communication and documentation, team coordination, 
modularity and large model development, and multimodel 
organization, instead of modeling in the small (with "model 
as tool*) where the issues of interest are top-down design, 
informal and formal program specifications, simplification 
and elaboration, and validation and verification. 10 

In modeling the manufacturing enterprise, the primary area of 
focus is the manufacturing function, which includes, in addi- 
tion to the traditional production and shop floor functions, 
the production and material planning, material management, 
and order processing functions. In traditional modeling and 
simulation applied to the manufacturing domain, computer 
simulations have been applied to the production floor or ma- 
chine shop level to study machine utilization and production 
and material flows and buffers. These methods together with 
traditional operations research methods have helped reduce 
inventory on the production floor and cut build times to a 
level where these are small compared to the other parts of 
the system. Enterprise modeling and simulation expand the 
scope so that traditional modeling and simulation are com- 
ponents in the enterprise modeling and simulation system. 

Enterprise modeling and simulation indicate the impact of 
proposed improvement efforts at the enterprise level before 
the changes are made. The "simulation" in enterprise model- 
ing and simulation is the process of running the model in a 
computer to understand the behaviors over time under differ- 
ent operating conditions and circumstances. It will help us 
identify leverage points and indicate where we can expect to 
get the most impact for a given investment or change. 16 

According to Senge 6 "The real leverage in most manage- 
ment situations lies in understanding dynamic complexity, 
not detail complexity." He suggests that most systems analy- 
ses focus on detail complexity (that is, a large number of 
variables) , not dynamic complexity ("situations where cause 
and effect are subtle, and where the effects over time of 
interventions are not obvious"). We suggest that enterprise 
modeling and simulation help in understanding dynamic 
complexity, and in addition provide the framework for 
slowly expanding the detail complexity. 
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Fig. 1. Diagram of the Simple 
Model for the nominal case 
experiment. 



Modeling and simulation at the enterprise level are showing 
increasing levels of activity. For example, a recent article in 
Fortune magazine 17 discusses business-oriented economics 
that focuses on what economists call "the firm" and the rest 
of us call "the company" as the unit of analysis. (Traditional 
microeconomics, by contrast, is concerned with markets 
and prices. It looks at the economy or at an industry, but 
rarely peeks inside the individual enterprise.) Fortune cites 
the example of Merck's finance team, which built a com- 
pleted model and subjected it to Monte Carlo simulation 
analysis. 

The Simple Model 

The Simple Model (shown with capital letters because of its 
importance in this paper) , was one in a series of models 
developed at HP Laboratories (see page 90). The Simple 
Model was named because of its structural simplicity, but as 
subsequent descriptions will show, it exhibits dynamic be- 
havior that is complex and not intuitively obvious until it is 
explained. Expressed in terms used by Senge, 6 the Simple 
Model is a tool for understanding dynamic complexity using 
a model with very low detail complexity. 

The Simple Model was commissioned to abstract a real man- 
ufacturing facility with gready simplified assumptions, such 
as a single product with a one-level bill of materials and a 
trapezoidal order demand pattern. The purpose of the model 
was to explore the relationship between different factors 
and metrics used in manufacturing. Although the model can 
generate data on many different metrics, this paper will focus 
on two main metrics: (1) inventory levels and write-off at the 
end of the product life cycle and (2) customer satisfaction 
metrics. We will first describe the structure and assumptions 
of the Simple Model and then show the results of running 
the model under different conditions. 



Conceptual Description 

Fig. 1 shows conceptually the Simple Model of a factory 
producing a product called Adder.t Marketing specifies a 
trapezoidal order forecast profile for customer orders, and 
the number of consignment units (defined as demonstration 
units used in the sales offices). R&D specifies the Adder 
product structure. Order processing quotes a product avail- 
ability of four weeks. Production determines that the build 
time is two weeks, and shipping states that transit rime for 
sending the product to the customer is one week. We as- 
sume that the production and shipping processes are under 
sufficient control that they do not vary from these constant 
numbers. 

The problem assumes that the values of class A, B, and C 
parts in the Adder product make up 50, 30, and 20 percent, 
respectively, of the product material cost. In valuing the fin- 
ished product, labor cost is small enough to be factored into 
the material cost, and the value of the product is the sum of 
values of its parts. In addition, we assume that the values of 
6-week, 10-week, and 14-week lead time parts make up 25, 
40, and 35 percent, respectively, of the product cost, that the 
vendors deliver the parts exactly on time, and that there are 
no rejects because of defective parts. 

These characteristics are reflected in Table I, which shows 
the value of each part category. There are a large number of 
unit costs and part quantity combinations that satisfy the 
above constraints. The actual bill of materials used for the 
model is shown in Table II. 

The length of the longest lead time among the parts is 14 
weeks for parts A. 3, B.3 ( and C.3. Allowing a build time of 

t There was a little bit of whimsy in naming the product. The author selected the name from a 
fairy tale in which somebody ordered the biggest adder available, expecting it to be an adding 
machine. When the box was opened, out popped a snake. Snakes, of course, was an internal 
HP code name for a class of workstations. 
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Table I 

Simple Model Adder Product Structure 

(a) Product Structure by Part Value 

Part Value Part Value Part Value 

A.l $1250 B.l $750 C.l $500 

A.2 $2000 B.2 $1200 C.2 $800 

A.3 $1750 B.3 $1050 C.3 $700 

(b) Part Value by Part Class Safety Stock 

Class Parts in Class Value % Value Safety Stock 

A A. 1. A.2, A.3 $5000 50% 4 weeks 

B B.1,B.2,B.3 $3000 30% 8 weeks 

C C.1,C.2,C.3 $2000 20% 16 weeks 
Total $10,000 100% 

(c) Part Value by Lead Time 

Lead Time Parts Value % Value 

6 weeks A.l.B.l.C.l $2500 25% 

10 weeks A.2,B.2,C.2 $4000 40% 

14 weeks A.3,B.3,C.3 $3500 35% 

Total $10,000 100% 





Table II 
Adder Bill of Materials 




Part 


Quantity 


Unit Cost 


Value in Product 


A.l 




$1250 


$1250 


A.2 




$2000 


$2000 


A.3 




$1750 


$1750 


B.l 




$750 


$750 


B.2 




$1200 


$1200 


B.3 




$1050 


$1050 


C.l 




$500 


$500 


C.2 




$800 


$800 


C.3 




$700 


$700 



two weeks and transit time of one week means that the pe- 
riod from the time parts A.3, B.3, and C.3 are ordered in the 
manufacturing enterprise to the time that the product using 
those parts is received by the customer is 17 weeks. This 
means that the policy of waiting for customer orders before 
we order parts from our vendors will lead to an order-to- 
delivery time of at best 17 weeks. 

To quote availability of four weeks requires us to order mate- 
rial and plan production before we receive customer orders. 
The best information we have on current and past customer 
behavior is actual orders, and the best information we have 
on future customer orders is the order forecast. 

Given that we want quoted availability to be less than the 
sum of material delivery, production, and product delivery 
times, we need to plan ahead of time how much to build 
based on order forecasts. This decision on how much to 
build in future weeks is the responsibility of production 



planning, which each week computes the number of units to 
be started in future weeks. 

Forecasts of future customer orders are estimates; customers 
may order more or. less than forecasted. In the event that 
customers order less, we should have no problem meeting 
the demand if we build to meet the forecast. However, if 
customers order more, we might run out of product. To 
allow for this contingency production planning must specify 
that we need to build a few more units and carry them in a 
stock of finished goods inventory (FGI). The amount of ex- 
tra product to be carried is the safety stock, and depends on 
many factors including the average expected order level, the 
expected fluctuations in orders, and how much we want to 
allow for contingencies. A high safety stock level will pro- 
tect us from low forecasts, but requires a greater investment 
in inventory. One way of specifying inventory levels is to use 
a measure related to number of weeks of forecasted de- 
mand In the case of this model, we assume that production 
planning specifies two weeks of 13-week leading average 
forecast as target FGI safety stock. 

The discussions for FGI safety stock are also applicable for 
raw material. There must be enough raw material on hand 
when the time comes to build the product. To allow for ex- 
cess demand from the production line because of high cus- 
tomer demand, and for late deliveries by vendors, we need 
to order some extra material. This extra amount is deter- 
mined by material planning and is the target raw parts in- 
ventory (RPI) safety stock. The amount of RPI safety stock 
can be determined in different ways. One way is to use part 
classification. 

In practice, part classification indicates the relative impor- 
tance of a part and hence the attention it receives. Since class 
A parts are reviewed more frequendy, a smaller quantity is 
carried than for the B or C parts. In our model, part class 
determines the amount of material safety stock to be carried 
in weeks, and all parts are reviewed weekly by material 
planning. For A, B, and C parts the target RPI safety stock is 
4, 8, and 16 weeks, respectively, of the 13-week leading aver- 
age forecast. The 13-week leading average forecast and the 
FGI and RPI target safety stocks are discussed in greater 
detail under Target Safety Stock," below. 

Fig. 2 shows the trapezoidal product order forecast supplied 
by marketing. The demand during each week of a four-week 
month is constant The demand builds up over three months, 
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Fig. 2. Adder order forecast and consignment demands in units. 
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remains constant for L months, and then reduces to zero over 
three months, so the total product life is L+6 months. In the 
first month, some units are required for consignment pur- 
poses. The mature monthly demand V is 80 units, and the 
total amount of inventory for consignment is set at 1.5 weeks 
of projected mature demand, or 30 units. In our experiments 
we used a baseline value of 6 months for L. This order fore- 
cast results in a lifetime total of 780 units, or a total fore- 
casted production cost flowthrough (PCFT, see Glossary, 
page 85) of $7.8 million, exclusive of the 30 consignment 
units. 

Of the many performance metrics for the system during the 
product life cycle, the three main ones of interest are the end- 
of-Iife inventory, which needs to be disposed of or written off, 
the shipment and delivery performance, and the inventory 
during the product life cycle. 

Detailed Description 

The fundamental description of the Simple Model of the 
enterprise and the primary flows and dynamic components 
that interact with it over time are shown in Fig. 3. 

Entities External to the Enterprise. Customers send orders to 
the manufacturing enterprise. In the simulation each order 
for a single unit is sent individually to the manufacturing 
enterprise. The orders go into the backlog of the manufac- 
turing enterprise, and at some point a shipment fulfilling 
each order is delivered to the customer. Customers have the 
expectation that the time between ordering and receipt of 
delivery is the quoted availability, but are willing to wait 
indefinitely for orders. 

The manufacturing enterprise sends orders for each part to 
the respective vendor, shown collectively in Fig. 3 as. vendors. 
The shipment of physical parts arrives at some time in the 
future determined by the lead time for the part. Ideally the 



Forecasts 




Fig. 3. Material, order, and information flows of the Simple Model 
simulation. The heavy solid lines represent the flow of physical mate- 
rial, the long-dash lines represent the flow of information related to 
individual orders, and the short-dash line represents the flow of peri- 
odic order forecasts. The containers represent the accumulation of 
physical material or orders, the pointers represent levels of the quan- 
tities in the containers, and the light solid lines from the containers 
represent this status information being transmitted to the planning 
function. The light solid line from the planning function represents a 
control signal flow that regulates the amount of material flowing 
from RPI to WD? and ultimately to FGI. 



time between the issuance of an order and receipt of the 
material (parts) should be the lead time quoted by the vendor, 
and for all the runs in this paper, this will be the case. 

Functions Internal to the Enterprise but External to Manufacturing. 

Periodically, marketing provides forecasts of customer 
orders in future periods. Each forecast is a list of the quantity 
of products that are estimated to be ordered in subsequent 
periods. In practice, forecasts are updated periodically and 
estimates for the same month in the future can vary from 
month to month. In the model, the forecast is used to com- 
pute the shipment plan, and to compute the 13-week leading 
average forecast for computing FGI and RPI safety stocks. 
R&D (not shown in Fig. 3) provides a bill of materials 
(BOM) that defines the product structure. Since the BOM 
does not change during the simulation, we do not show the 
R&D function. 

Processes Internal to the Manufacturing Function. This section 
should be read in conjunction with Figs. 1, 2, and 3. 

Order processing accepts orders and keeps track of all out- 
standing orders received from customers, and keeps a run- 
ning total of the quantity of products required in the backlog. 
In addition, it prioritizes the orders by the ranking criterion, 
which in this model happens to be first-in, first-out (FIFO), 
into a ship list. The backlog level is provided to the produc- 
tion planning function. The prioritized list of orders and the 
quantity that needs to be shipped in the current period are 
provided to shipping. 

Shipping Ms and ships the orders on the ship list that order 
processing provides. From the point of view of the manufac- 
turing enterprise, the duration between receipt of customer 
order and delivery of the shipment at the customer site 
should be the time period specified as the quoted availabil- 
ity. Filling an order is attempted no earlier than necessary to 
satisfy the quoted availability taking transit time into ac- 
count An order is filled and shipped only if at the time of 
the attempt the number of units in FGI is greater than zero. 
In other words, shipping's objective is to fill outstanding 
orders that need to be filled and not to try to maintain FGI at 
some level. This means that the actual order-to-delivery time 
for a particular order will depend on whether units are avail- 
able to fill the order at the time the order is due to be 
shipped. If units are not available, the order will have a 
higher priority for being filled in the next period because of 
the FIFO rule used to establish the ship list. 

Production planning computes the current shipment plan 
and build plan. It computes the current shipment plan from 
the current order forecasts and current order backlog, to 
attempt to satisfy the quoted availability. It then computes 
the current build plan from the shipment plan, build time, 
current FGI, current WIP, and FGI safety stock. 

To come up with a suitable build plan, production planning 
must know about the characteristics of the system it is trying 
to control, that is, it must have a model of the system that it 
uses for doing its computation. An important aspect of the 
computation is to take into account the number of units 
already in process rather than relying only on the number of 
units of product required. Such a model is generally a mathe- 
matical or analytical model, and the formulation is described 
in Appendix I. The build plan for the current period is used 
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Glossary of Terms and Abbreviations 



Abbreviations 

A/F. Actual-to-forecast ratio. This is the ratio of the actual orders received to the 
forecasted orders. Normally expressed as a percentage. A/F greater than 100% 
implies that actual orders came in higher than forecasts, that is. forecasts were 
low or demand was high. A/F less than 100% implies that actual orders came in 
lower than forecasts, that is, forecasts were high or demand was low. 

BOM. Bill of materials. A description of the components that go into an assembly 
and their respective quantities. 

• Single-level BOM. The components are raw materials fabricated or manufactured 
elsewhere (i.e., purchased parts). 

• Multiple- level BOM. The components are other assemblies and purchased parts. 

EOL End of life (end of product life cycle). 
FGI. Finished goods inventory. 

RPI. Raw parts inventory. Raw material in stores waiting to be processed. 

WIP. Work in process. Raw material on the production line being assembled into 
the final product. 

PCFT. Production cost flowthrough. Dollar value of production passing through the 
manufacturing enterprise. Because of the assumptions underlying the Simple 
Model, in this paper PCFT is synonymous with shipments (torn the manufacturing 
enterprise. 

Terms 

Backlog. Products ordered by customers but not yet shi pped , 

Build Time. The time required for completion of the product when all the parts 
are available. 

Committed Inventory. The total inventory to which the manufacturing enterprise 
is currently committed. It is the sum of the on-oider material and the on-hand 
inventory. 

Consignment Inventory. Inventory in the sales offices and for demonstration 
purposes. 

End-of-Life Inventory. The amount of inventory left over at the end of the product 
life cycle, that is, when no more orders are backlogged or outstanding for the 
product. EOL inventory includes leftover unused RPI, unshipped units in FGI, and 
consignment inventory. In general, material and products left over at the end of 
the product life cycle are not useful for anything else and must be written off. 

Forecast Quality. Qualitative description of the amount of deviation of actual 
customer orders from forecasted orders. The ratio A/F described above is one way 



to quantify forecast quality. Forecast quality is best for A/F = 100%. and gets 
worse as A/F moves away from 100%. 

Lead Time. The time between placement of an order to the vendors and receipt 
of the material. 

On-Hand Inventory. All physical inventory that is owned by the enterprise. It is 
the sum of RPl.WIRand FGI. 

On-Order Inventory. Same as on-order material. 

On-Order Material. The total amount of material for which orders are currently 
open and which will eventually be received from vendors. It increases each time a 
new order is issued and sent to the vendor, and decreases each time a shipment 
of parts is received from the vendor. 

On-TUne Delivery. Measures whether the order is delivered to the customer 
within the quoted availability. When described in units or dollars, it represents the 
units or dollar value of the deliveries that are delivered within the quoted delivery 
time. When described as a percentage it represents the percentage of on-time 
deliveries with respect to the total deliveries. 

On-Time Shipments. Products that were shipped to customers within the quoted 
availability minus the transit time, that is, those shipped to arrive in time to satisfy 
the quoted availability. 

Order Backlog. The total amount of outstanding orders from customers that 
have not yet been shipped. It increases each time a new order is received from 
customers, and decreases each time an order is shipped to customers. 

Order-to-Delnrery Time. The time period from order issue to order delivery at 
the customer site. 

Order-to- Snip Time. Time period from order receipt to order shipment at the 
manufacturing enterprise. 

Orders Delivered. Orders that have been delivered to customers. 

Orders Shipped. Orders that have been shipped to customers. 

Product Life Cycle. The general shape of the increase, leveling off, and decrease 
in order volume for the product. We assume here it is trapezoidal. 

S and S-Plus. S is a language and.interactive programming environment for data 
analysis and graphics developed at AT&T Bell Laboratories. S-Plus is a product 
version of S that is sold and supported by Statistical Sciences, Inc. 



to trigger the start of the appropriate number of units in the 
current period. 

Material planning uses the BOM to generate a material con- 
sumption plan for each part that can support the build plan. 
It then uses the material consumption plan, on-order material, 
RPI, RPI safety stock, and part lead times to determine the 
material ordering plan, that is, how much of each part to 
order in the current and future weeks. Details of the compu- 
tation of the consumption and ordering plans are given in 
Appendix I. 

Material ordering sends orders for the appropriate amount 
of each part in the current week to the vendors. As each 
order is sent, the on-order material for that part increases. 

Raw material stores (not shown in the figures) receives and 
stores incoming material in RPI and provides material to 
production when requested. As it receives deliveries from 



vendors, it sends information about the shipment to on-order 
material which is reduced by the amount of the shipment 
received. 

Production receives a build plan and requests as much 
material as required from raw material stores to build the 
number of units required. Only complete sets of parts are 
drawn from stores, that is, if one or more parts are not avail- 
able in sufficient quantities, all parts are drawn partially. For 
example, if the build plan calls for 10 units to be built, and 
there are only 5 units of part A.3 and more than 10 units 
each of the other parts in RPI, only 5 units of of each part 
will be drawn and sent to WIP, and only 5 units can be 
started. The objective of raw material stores is to fill re- 
quests for material if possible, and not to maintain RPI at 
any particular level. The mathematical derivation of the 
number of units actually started subject to the available 
material is given in Appendix I. 
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Enterprise Modeling and Simulation App 

Process reengineering as defined by Hammer and Champy in their book. Reengineer- 
ing the Corporation? is "the fundamental rethinking and radical redesign of business 
processes to achieve dramatic improvements in critical, contemporary measures of 
performance, such as cost, quality, service, and speed." It is being applied at an 
increasing rate by three kinds of companies: those in deep trouble, those not yet in 
trouble but whose management has the foresight to see trouble coming, and those 
in peak condition with no discernible difficulties whose management is ambitious 
and aggressive. These three categories cover a large number of companies. The 
impact is on processes with throughputs measured in the billions of dollars. 

Reengineering is pervasive, controversial, and disruptive, and has different 
interpretations. CSC Index, whose chairman is Champy, 1 states that even though 
they pioneered the practice of reengineering, they are startled by how widespread 
the phenomenon has become. Their survey results 2 based on 497 large companies 
in the U.S.A. and another 124 in Europe show that 69% of the U.S. companies and 
75% of European companies are already reengineering (average completed or 
active initiatives in excess of 3). More than half of the rest were planning to 
launch an initiative over the next 12 months or were discussing one. 

Hammer and Champy 3 mention three kinds of techniques that reengineering teams 
can use to help them get ideas flowing: boldly apply one or more principles of re- 
engineering, search out and destroy assumptions, and go looking for opportunities 
for the creative application of technology. 

A sampling of the literature reveals that redesign is influenced by the past 
experience of the reengineering team and the recommendations of reengineering 
consultants. Ultimately, many redesign decisions are made on speculation based 
on implicit mental models, convincing arguments by vocal proponents for change, 
sheer optimism, blind faith, or desperation. 

A major concern is the uncertainty of predicting outcomes. Radical redesign and new 
ideas bring the possibility of boundless gain or tremendous loss. While assumptions 
are being searched out and destroyed ruthlessly, it should not be forgotten that 
some assumptions are rooted in scientific principles which cannot be ignored with 
impunity no matter how highly enthusiastic or motivated the reengineering team. 

Enterprise Modeling and Simulation 

Some areas suggested by Hammer and Champy 4 for reengineering the corporation 
include product development from concept to prototype, sales from prospect to 
order, order fulfillment from order to payment and service from inquiry to resolution. 

The Simple Model described in the accompanying article is a start towards address- 
ing order fulfillment. Modeling and simulating the other processes on the list require 
different kinds of knowledge acquisition. For example, product development requires 
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more knowledge about the R&D function, sales requires more knowledge about the 
marketing function, and service has not been considered in the current model, where 
the focus is on manufacturing. 

The following paragraphs describe areas where enterprise modeling and simula- 
tion and the enterprise modeling and simulation system may provide value in the 
reengineering effort. 

Identifying Processes 

Hammer and Champy 5 suggest that once processes are identified and mapped, 
deciding which ones require reengineering and the order in which they should be 
addressed is not a trivial part of the reengineering effort. Typically there are three 
criteria for making the selection: dysfunction, importance, and feasibility. 

Enterprise modeling and simulation provide one way of gaining insight in these 
areas by generating performance metrics with and without the change under differ- 
ent circumstances. Fa example, the Simple Model showed the importance of differ- 
ent controllable and uncontrollable factors to the different system performance 
metrics such as EOL inventory and order-to-detivery cycle times. 

After selecting a process for reengineering, an understanding of the current process 
is crucial. It is necessary to know what, the existing process does, how well (or 
poorly) it performs, and the critical issues governing its performance from a high- 
level view. This understanding is the prerequisite to redesign. The key is under- 
standing the process rather than completely analyzing it in agonizing detail. 

Enterprise modeling and simulation offer at least two ways of obtaining this under- 
standing and possibly showing the cause of the dysfunction. First, the very act of 
building a consensus model that different people can agree with sheds light on 
what might not be working. Second, simulating the model will confirm or reject 
the validity of what is suspected. For example, after building the Simple Model, it 
was possible to test it in a large number of possible operating conditions to provide 
understanding of the cause and effect relationships. The first major insight from 
simulating the model was that what appeared to be a reasonable way of computing 
safety stock that would go to zero as demand went down actually gave rise to 
end-of-life inventory even though the demand was forecasted accurately. Enter- 
prise modeling and simulation provide a way of gauging the relative impact of 
different process changes as a step towards selecting the appropriate subprocess 
to reengineer. and of quantifying the amount of prospective improvement. 

Enterprise modeling and simulation can show the prospective impact of infeasible 
changes. In simulating the proposed reengineering changes, even if they are 
infeasible, the results will indicate if there is any promise in further consideration 
of a particular direction. For example, it is clearly not feasible to have zero build 



The required material is drawn from RPI and goes into WIP 
where it remains for the duration of the build period. After 
that, the completed units go into FGL 

Target Safety Stock. Inventory is the amount of physical 
material, and ideally the enterprise would like to maintain it 
at or close to zero in RPI and FGI, and only carry it in WIP 
when raw material is being converted into final product. In 
practice, to reduce the effects on production of late vendor 
deliveries and customer orders coming in higher than fore- 
casts, safety stock needs to kept. In the Simple Model, where 
vendor delivery time uncertainty is not an issue, to allow for 
the contingency that customer orders may come in higher 
than forecast, production planning targets the FGI safety 
stock to be two weeks of 13-week leading average forecast, 
and material planning targets RPI safety stock for each part 
to be the quantity of that part required for the production of 
the number of weeks specified in Table 1(b) of the 13-week 
leading average forecast. 



The 13-week leading average forecast at the end of a particu- 
lar week in the future is the sum of the order forecasts over 
the 13 weeks immediately following the particular week 
divided by 13. This average anticipates trends 13 weeks (one 
calendar quarter) into the future, increasing as order fore- 
casts increase, and decreasing as order forecasts decrease. 
In particular, the 13-week average forecast is zero at the end 
of the product life cycle, which means that any target safety 
stock expressed in weeks of 13-week leading average will aim 
for a zero target safety stock level at the end of the life cycle. 

Having specified target safety stock in preparation for de- 
mands higher than forecasted, what is the impact if custom- 
ers order exactly according to forecast? The expectation is 
that actual FGI should be equal to targeted FGI safety stock 
level, and actual RPI for each part should be equal to targeted 
RPI safety stock level for that part 
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time for products and zero transportation times for shipments in the real world, 
but setting those values to zero in the model indicates the theoretical maximum 
benefits of these actions, and the magnitude of the results provides a data point 
for decisions on how much investment to put on driving these two times to zero 
instead of on other opportunities. 

Furthermore, by showing the time behavior of the changes, enterprise modeling and 
simulation can snow when actions can be expected to take effect Inertia is a prop- 
erty of most systems, reflected in the time taken to respond to external influences or 
changes. Most physical systems are predictable in this respect but the time be- 
havior for organizational systems such as the enterprise is less predictable simply 
because it is not understood as well. Enterprise modeling and simulation help to 
increase the predictability of system behavior given that we know something 
about the system's structure and the behavior of its components. While immediate 
improvement for reengineering is the desired goal, enterprise modeling and simu- 
lation can show the length and causes of delays in obtaining the desired result. 

Exposing and Challenging Assumptions 

Hammer and Champy suggest that we question assumptions. 6 Enterprise model- 
ing and simulation require assumptions to be stated explicitly during the model 
building process to reconcile differences in points of views. Challenges and dis- 
agreements on the validity are with respect to clearly stated assumptions rather 
than differences in opinions resulting from differences in mental models of differ- 
ent individuals. For example, the production planning and material procurement 
processes used in the Simple Model are expressed mathematically in Appendix I. 
If these are accepted as rational methods of planning, then there is no question or 
debate on the values of the outputs for a given set of inputs. If processes expressed 
mathematically are not acceptable as rational methods of planning and an alter- 
native method is proposed, then that alternative method can certainly be tried, 
and the results compared with the previous method. The debate and challenge for 
improvement becomes one of improving the logic of planning rather than one 
revolving around the.meaning of words and labels or one on how the model 
should behave based on past experience or speculation. 

The approach advocated by Hammer and Champy suggests that changes be made 
by understanding the problem and devising the solution. This is central to model- 
ing and simulation in addressing problems in the realm of the enterprise. Enter- 
prise modeling and simulation offer a way of testing and verifying that given the 
current knowledge, the results of the simulation do not exhibit any obvious flaws 
before the process is implemented. 

Role of Technology 

Hammer and Champy devote a whole chapter to discussing the essentia! enabling 
role of information technology, and assert that modem state-of-the-art information 
technology is part of any reengineering effort. They caution that the misuse of 



technology can block reengineering altogether by reinforcing old ways of thinking 
and old behavior patterns, and that equating technology with automation does not 
result in reengineering. 

We suggest that the application of enterprise modeling and simulation is a creative 
application of a well-understood technology to the processes of the enterprise. 
The technology of modeling and simulation has been applied to fields such as 
product design and the design of physical systems, but is only now beginning to 
be applied creatively in analyzing the processes of the enterprise. What enables 
the creative application of modeling and simulation is the tremendous increase in 
computational power. In this respect, we would like to suggest another rule along 
the lines of the rules described in reference 1. 

Old Rule: Decisions regarding process changes are based on mental models 

and analysis of historical data. 

Disruptive Technology: Enterprise modeling and simulation. 

New Rule: Decisions regarding process changes are based both on historical 

data and analysis of computer simulated behavior of explicit models with 

explicit assumptions that show the prospective consequences of different 

actions under a large number of operating circumstances. 

Conclusion 

Reengineering is a philosophy of renewal and rapid, discontinuous, and drastic 
change in the way corporate enterprises do their work, which brings with it uncer- 
tainty and fear of the unknown future. It is disruptive and controversial, and there 
is as yet no agreement that successes outnumber failures. During the implementa- 
tion. "People focus on the pain of the present and the joy of the past. They forget 
about the pain of the past and the joy of the present." 7 However, given that it is 
occurring on such a wide scale, we suggest that application of enterprise model- 
ing and simulation can increase the chances for success by (1) quantifying the 
potential benefits of the reengineered process in an explicit, defensible way, (2) 
illustrating the transition between the pain of the present and the joy of the future, 
and (3) showing the possible outcomes of current actions, thereby making the 
future more predictable and less surprising to those most affected by it. 
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Simple Model Simulation 

The Simple Model described above represents a simple pro- 
cess design for a manufacturing facility that is subject to 
simulation. On the surface, the design appears to be reason- 
able and adequate, and in fact is based on representative 
data and characteristics of the process. However, simula- 
tions will show some unexpected behavior, as well as the 
envelope of the possible behaviors. 

The Simple Model was executed on an evolving system called 
the EMS system, which consists of two parts: the simulation 
engine part and the data analysis and display part. The simu- 
lation engine has continued to develop with each model that 
we have studied. It captures and abstracts processes in the 
enterprise. The simulation engine is an object-oriented, en- 
hanced discrete event simulation software system. 

The initial implementation of the simulation engine part of 
the EMS system was the Manufacturing Enterprise Simula- 
tor on the TI Explorer II. 9 The current implementation runs 



on HP 9000 Series 700 workstations at the Manufacturing 
Systems Technology Department of HP Laboratories. The 
implementation language is the Common Lisp Object Sys- 
tem (CLOS). 18 The simulation engine has been implemented 
in CLOS provided by three different vendors: Franz, Inc., 19 
■ Lucid, Inc., 20 and Harlequin, Ltd. 21 Models subsequent to the 
Simple Model (see page 90) were large enough to stress the 
limits of all three implementations. Graphical output was 
produced using S-Plus. Further details of the history and 
development of the EMS system are given in reference 9. The 
initial version of the Simple Model was implemented within 
a week based on the full order-to-ship model 22 (see page 
90). It then took successive refinement and a tremendous 
amount of time to analyze the results. 

For the reader familiar with discrete event simulation, details 
of the similarities and differences in concept between this 
implementation and conventional discrete event simulation 
are discussed in reference 9. In general, orders and shipments 
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Fig. 4. Nominal case inventory components as functions of time. The experimental conditions are shown in Fig. 1. 



are modeled as the entities of discrete event simulation. 
Backlog, on-order material, RPI, WIP, and FGI are modeled 
as queues. Customers and vendors are modeled as source- 
sink combinations of orders and material and vice versa 
Production is modeled as an activity. 

The production and material planning functions, which are 
essentially information processing and decision making func- 
tions, are implemented as mathematical models embedded in 
the simulation. The information generated by these planning 
functions determines when and how many units of product to 
start building and how many units of material to order. Thus, 
we can think of the Simple Model as an analytical mathemat- 
ical model embedded in a discrete event simulation model. 
The analytical model (formulation given in Appendix I) dic- 
tates how the simulation model should behave in the same 
way as the planning functions dictate how operations should 
be handled in reality. The simulation model is the reflection 
of physical reality and reflects the behavior of the physical 
system that is told what to do. 

There are two aspects of uncertainty: bias and variance. 
Most simulation models focus on variance and assume bias 
(offset) to be zero. While the EMS system supports the abil- 
ity to simulate the model under stochastic conditions, in the 
runs described in this paper, variance is always zero and the 
emphasis of the analysis is on the situation in which bias 
can be nonzero. 

Each run represents one combination of inputs and parame- 
ters of the system, and the traditional statistical analysis of 
means and confidence levels is not directly applicable for 
the analysis of these runs. While process variances are im- 
portant considerations in a system, the motivation of this 
work was to identify the first-order effects of the various 
factors, considering the variances as second-order effects. 

Details of the timing of the event sequence are shown in 
Appendix II. 



Experimental Results 

Experiment 0: The Nominal Case 
The nominal case experiment assumes ideal conditions for 
testing the model. The purpose is to establish model baseline 
behavior and offer face validation by verifying that results 
are consistent with intuition and the observed behavior of 
the real system. Initial conditions for committed inventory 
and backlog are set to zero. A warmup period of five months 
(20 weeks) allows material to be ordered and received be- 
fore customer orders arrive on week 21. The last customer 
orders arrive on week 68. Order forecasts are consistent 
with the trapezoidal profile already defined, and while they 
are generated weekfy, they do not change from week to 
week. Week 21 corresponds to the first week of month 1, 
and week 68 corresponds to the last week of month L+6 in 
Fig. 2. Production begins during week 19 to ensure units in 
FGI at the end of week 21. The computation of FGI and RPI 
safety stock levels is assumed to appry only for weeks after 
week 20. Up to and including week 20, the required safety 
stock level is set to 0. 

Time Response of On-Hand Inventory and On-Order Material. 

Fig. 4 shows inventory levels measured in dollar terms over 
time. The two bottom regions show the on-order material 
and on-hand inventory for consignment units. There is a 
gradual buildup of on-order material, which is rapidly trans- 
formed into on-hand inventory over four weeks, followed by 
a flattening out (since the consignment units are never 
shipped). The middle region shows on-hand inventory for 
trade or shippable units, which is the sum of RPI, WIP, and 
FGI. The upper region shows the on-order material commit- 
ment for trade units. The top surface of the graph shows 
how total material commitment changes over time. 

Inventory Investment Committed inventory at the end of week 
20, before the first customer order arrives, is approximately 
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Fig. 5. Metrics as functions of time for the nominal case, (a) Shipments and orders, (b) Backlog and orders, (c) WIP and orders, (d) Material 
ordered and orders, (e) RPI and orders, (f) FGI and orders. 



$3.5 million. If orders to vendors cannot be cancelled, this 
$3.5 million commitment must be disposed of if we decide to 
cancel the product before the first customer order arrives. 

During the mature part of the life cycle of the product, the 
on-hand inventory is approximately $2.5 million and the 
total committed inventory is approximately $4.7 million. To 
support shipment levels of $200,000 a week requires $4.7 
million of committed inventory (23.5 weeks of steady-state 
PCFT) and $2.32 million of on-hand inventory (1 1.6 weeks of 
steady-state PCFT), both of which include $300,000 of con- 
signment units (1.5 weeks of steady-state PCFT). Details of 
the computations verifying these numbers in the simulation 
are given in Appendix IV-2. The maximum inventory exposure 
over the life cycle is $4.7 million. 

The EOL consignment inventory of $300,000 reflects the 
amount of potential write-off because we did not dispose of 
the consignment units. The EOL nonconsignment inventory 
for trade units is reflected in the tail of the graph, and its 



value is approximately $64,000. If the material cannot be 
consumed any other way, there is an EOL write-off of 
$64,000 of nonconsignment inventory and $300,000 of con- 
signment inventory for a PCFT of $7.8 million under ideal 
conditions of perfect forecast quality and on-time vendor 
delivery. 

Time Response of Other Metrics. Fig. 5 shows other time series 
metrics in comparison to orders received. The shipment 
profile (Fig. 5a) is identical to the order profile but shifted in 
time by three weeks. This is because the four-week availabil- 
ity and one-week transit time require three weeks of order- 
to-ship time for on-time delivery. 

Steady-state backlog (Fig. 5b) is $600,000, or three weeks of 
orders. Again, this is because the four-week availability and 
one-week transit time result in orders staying in backlog for 
three weeks, that is, the current backlog is the sum of the 
last three weeks of orders. 
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Enterprise Modeling and Simulation Research at HP Laboratories 



Our work at HP Laboratories on enterprise modeling and simulation is an outgrowth 
of the factory modeling project, which began in early 1987. While we were work- 
ing in the area of robotic automation for manufacturing, we began to appreciate 
the complexity of the geographically distributed, multientity marketing, manufac- 
turing, and distribution operations necessary for HP to remain competitive. We 
also realized that there were very few tools available to help understand, design, 
and operate these complex systems. 

Having been involved in product design with the evolving use of CAD and CAE 
tools, we thought that there was an opportunity of potentially tremendous magni- 
tude for applying similar technologies to the design and operation of the factory 
and business systems used to market, manufacture, and distribute products. In an 
effort to capitalize on this opportunity, we began identifying the primary elements 
of a single factory and building our preliminary order-to-ship model that spanned 
all major activity from the receipt of an order to its shipment. 

Preliminary OrdeMo-Ship Model 

This early model was a vehicle to show the feasibility of applying simulation at a 
scope larger than a production line, where simulation was beginning to be applied. 
Developed and proposed for discussion purposes, it was a model to analyze why the 
order-to-ship time for some products stretched to weeks when the application of 
modern manufacturing techniques had reduced the build time to a matter of hours. 
More details on the reasons behind this work are given in references 1 and 2. 

Full Order-to-Ship Model 

By late 1988 the preliminary model was ready for testing in a real-world context 
Data and operational information were provided by a real manufacturing division 
to help enhance our early model. This process helped to validate the preliminary 
order-to-ship model and led to the development of the full order-to-ship model. 3 
The primary factors considered were order forecast quality, production capacity 
constraints, supplier lead times, and order filling policies. The primary metrics of 
interest were order lateness, backlog, and inventory. The model included three 



distribution centers, one manufacturing entity, and a centralized sales and order 
entry system. It was configured for one-level bills of materials (BOM), multiline 
orders, and long life cycle products. 

Ttie results of the analysis done with the full order-to-ship model were encouraging; 
they showed things that were consistent with real-world experiences (e.g.. high 
forecasts led to high inventory and low backlog). The results also provided a view 
of greater potential by helping to identify areas for future improvement (e.g.. the 
dominant cause of product shortages is long lead time parts coupled with poor 
forecasts rather than the build time). 

While the results of this model were modest, the building and running of this model 
enabled us to explore some important technologies (i.e., Hierarchical Process 
Modeling fa knowledge acquisition, a discrete event simulation language, SLAM II, 4 
and a knowledge-based environment. Knowledge Craft, for system representation 
and building simulations). Our efforts led to generalized enterprise- level modeling 
elements and an object-oriented simulator. We also identified some new obstacles 
(e.g., managing large amounts of simulation data, extracting information) to be 
overcome in attaining our goals. More details are given in reference 1. 

For about a year, no further model development was done, but rather, much effort 
was put into consolidating what we had learned about the modeling and simulation 
issues. This effort led to the complete overhaul of our modeling and simulation 
code while migrating it to the Common Lisp Object System on HP workstations. 
The power and speed of our system took a quantum leap forward. 

Simple Model 

With our improved system ready, we were presented with another real -world 
opportunity to apply our techniques. The Simple Model was proposed as a means 
of pulling together the main activities, processes and circumstances involved in a 
manufacturing enterprise. The primary purpose was to understand end-of-iife 
(EOL) inventory and order delivery performance issues. The combined impacts of 
several environmental factors and operational policies were considered in the 



Fig. 5c shows an initial spike in WIP preceding the start of 
orders by two weeks. This happens because the number of 
units started during week 19 is not only what is to be shipped 
two weeks later, but also the quantity that must be in FGI 
(approximately two weeks of orders) at the end of week 21. 
The WIP levels taper off downwards starting in week 44 
towards the latter part of the life cycle because as the de- 
sired FGI safety stock level decreases, less production is 
required than is shipped because some units shipped from 
FGI do not have to be replenished. 

Fig. 5d shows material orders. The three large spikes in 
material orders are caused by different lead times for parts 
to fill the targeted RPI safety stock at the beginning of the 
cycle. Each of the three small spikes corresponds to the 
different lead time parts for the initial WIP spike. Once the 
initial spikes are past, the material ordering volume is ap- 
proximately the same height as the customer orders, except 
that it is shifted earlier in time, showing that once the sys- 
tem has reached mature demand, material inflow in the form 
of material ordered is balanced by the material outflow in 
the form of shipments. Material ordering starts ramping down 
beginning in week 28 just as the orders reach the maximum 
demand for this particular set of circumstances. 

Fig. 5e shows RPI as a function of time. Notice that the 
vertical scale is different from the other graphs. The RPI 
level is 7.6 weeks of PCFT during the mature demand period 
and starts ramping down in week 44. Fig. 5f shows FGI as a 



function of time. The FGI safety stock during the mature 
demand week is two weeks of PCFT, which is the same 
as two weeks of steady-state orders. The FGI level starts 
ramping down in week 44. 

Inventory Results. The results establish the baseline behavior 
of a system designed to take contingencies into account 
when those contingencies do not occur. Appendix IV pro- 
vides further details for computing some of these results on 
a theoretical or common sense basis. Some interesting ob- 
servations can be made. First, EOL inventory and write-off 
exist even though customers ordered exactly according to 
forecast and we expect safety stock to go to zero. Second, 
the level of inventory required to support this level of busi- 
ness can be quantified. Third, long lead time parts make up a 
greater percentage of the value of parts on order than their 
percentage in the product structure. 

EOL inventory is important for short life cycle products 
because the inventory cannot be used for anything else and 
must be written off. In this case it is a result of the way of 
computing safety stock. It occurs if in the early part of the life 
cycle too much material is ordered because of high targeted 
FGI and RPI. For short life cycle products it can be a signifi- 
cant percentage of PCFT. EOL inventory is less of an issue 
for long life cycle products because the leftover inventory is 
generally a smaller percentage of total PCFT and excess 
inventory in early periods can be used at a later time. 
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analysis. The model, leveraging our earlier work, dealt with a one- level BOM, one 
factory, one product and subsequently a family of successive products with common 
parts and overlapping life cycles. 

Our analysis provided some interesting insights, such as certain material procure- 
ment and safety stock policies result in EOL inventory even for perfect order fore- 
casts, and with low forecasts, increasing material lead times and planning frequency 
result in increased EOL inventory. More important we began to realize that we 
were onto something that could really have a positive impact for HP. In fact, the 
business results led to the development of the planning calendar model with the 
Simple Model as its foundation. We also continued our technical enhancements by 
connecting the output to S-Plus 5 - 6 for data analysis and the creation of a Lotus® 
interface to display output. 

Planning Calendar Model 

The purpose of the planning calendar model 7 - 8 - 9 was to determine the effects of 
planning cycle times on inventory levels. It required extension of the Simple 
Model to include production planning and material planning cycle times. It approx- 
imated a two-level BOM and multiple assembly sites using a one-level BOM at 
one site. It used historical forecasts and orders. The primary factors were forecast 
quality, the length of the planning cycle, and the maximum lead times for parts. 
The primary metrics of interest were average inventory, delivery performance, and 
inventory levels at the start of production. The primary technical development was 
the application of S-Plus data analysis capabilities to the data. 

With this model, material lead times had a dominant effect on inventory levels 
and committed inventory. Historically, forecasts were generally low, so for the 
historical data given, the planning cycle time used for the particular product had 
insignificant impact compared to material lead times. There was greater potential 
for reducing inventory by reducing lead times than by reducing planning time. Low 
forecasts increased backlogs. 

Current Modeling Activities 

We are currently finishing an analysis of a single-site manufacturing system where 
we were looking at how to improve the supplier response time. The challenges in 



this application include managing a multilevel bi I l-of -materia Is and understanding 
the consequences of long, variable test cycle times. We are also working with 
sector-level ^engineering teams to help understand the consequences of proposed 
changes and explore alternatives. 

Our enterprise modeling and simulation capabilities have evolved considerably 
from our preliminary order-to-ship model. However, there are still many more 
interesting challenges to address before we reach our goat of a computer-aided 
business prxess design and operation system. 

Robert Ritter 
Project Manager 

Enterprise Modeling and Simulation Project 
HP Laboratories 
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This nonzero EOL inventory is significant because our 
safety stock policy targets zero safety stock levels in FGI 
and RPI at the end of the life cycle. Having observed this 
phenomenon in the simulation, we were able to show mathe- 
matically why the EOL inventory is not zero. The formal 
derivation of this result is outside the scope of the current 
paper, but more detailed analysis of the data showed that it 
is the Class C parts that are left over. The Class C parts will 
be zero in the case when orders come in as forecasted for 
the conditions of experiment 0 only if the target RPI safety 
stock for Class C parts is less than or equal to the 13-week 
leading average forecast. Also, for the conditions of experi- 
ment 0, any part with target safety stock greater than 13 
weeks of 13-week leading average forecast will end up with 
EOL material. The behavior of the amount of Class C EOL 
material as the number of weeks of target safety stock goes 
down is given in Appendix IV-3, and an informal explanation 
showing the reasoning behind the EOL material is given in 
Appendix IV-4. 

The nonzero EOL is a function of the number of weeks of 
13-week leading average forecast Other techniques of com- 
puting safety stock, for example using a cumulative leading 
forecast rather than the 13-week leading average forecast, 
might lead to different results. 

Smoothing WiP and Production. The initial spike in WIP shows 
how the policy of starting production in week 19 (and not 



before) gives rise to a spike in capacity demand at the begin- 
ning of the product cycle. It could be eliminated by incorpo- 
rating production capacity constraints into production and 
material planning or by allowing FGI to build up before the 
first order comes in (Le., before week 21). Both of these 
require production to start before week 19. 

Experiment Set la: 

Single Uncontrollable Factor Variation 

In the nominal case, the customer order pattern was accu- 
rately forecast. We now consider the situation where the 
actual orders are different from the forecasts. 

We assume that customers order according to a constant 
crder forecast profile multiplied by some constant factor 
Actual/Forecast or A/F. A/F is the ratio of actual orders to 
forecast orders; its definition is shown in Fig. 6a. In practice, 
marketing would change the forecasts periodically. Since we 
were not modeling the forecasting process, we chose the 
simplifying assumption that although a new forecast is gen- 
erated every week, it is identical to the forecast generated 
the previous week.t Here is an example of bias in the order 
forecast with no variance. The model interpretation is that 
although estimates were wrong in the past, we expect that 
future orders will be equal to the original forecast. This is 

t This is not a limitation of the model. A user-specified forecast can be accepted by the model. 
Later models have incorporated historical forecasts. The reason for this assumption was to get 

' a better understanding of the effect of forecast bias, Fluctuating forecast deviations make 
interpretation harder. 
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Fig. 6. Definition of A/F. (a) A/F ratio, (b) Actuals and forecasts at 
the current time. 

reflected in Fig. 6b. Actuals came in as shown in the part of 
the graph to the left of the current time, while the part to the 
right of the current time line shows the current expectation 
of future orders. 

Clearly, we would expect an effect when A/F is not 100%. If 
A/F is less than 100%, that is, if forecasts are high, FGI will 
start to build up, since production planning has directed a 
larger number of units to be built than are subsequently de- 
manded. Production planning and material planning take 
this into account and plan to build less and order less mate- 
rial in the future, but the overall material level is higher than 
when A/F is equal to 100%. On the other hand, if A/F is 
greater than 100%, that is, forecasts are low, FGI will start to 
be eaten away because production planning has directed a 
smaller number of units to be built than are subsequently 



demanded. Subsequently, production planning and material 
planning take this into account and raise the production, but 
since they are always estimating low future demand, we 
would expect the inventory level in general to be lower than 
in the case where A/F is 100%. Surprisingly, this intuitive 
result does not hold, as will be seen later. 

We ran the simulations with A/F ranging from 50% to 200% at 
equal intervals of 25%. In addition, we ran it at smaller inter- 
vals in the region of 95% to 125%. 

EOL Write-off. A consequence of keeping forecasts identical 
for all runs is that the consignment profile does not change 
with respect to A/F. Fig. 7 shows EOL metrics as A/F ranges 
from 50% to 200%. Note that the changes in value are not 
constant across the horizontal axis. Fig. 7a shows that total 
EOL inventory increases as A/F decreases. Fig. 7b shows 
that the percentage impact is even worse, simply because 
the write-off is a higher percentage when PCFT, which is 
directly influenced by A/F, is lower. For low forecasts, that 
is, A/F greater than 100%, the EOL inventory decreases. For 
high forecasts, that is, A/F less than 100%, the EOL inventory 
increases. The lower the A/F, the higher the EOL inventory. 

Fig. 7 leads to the obvious conclusion that inventory write-off 
can be reduced by the strategy of underforecasting orders. 
However, this is only one side of the story. The complete 
story is shown in Fig. 8. 

Impacts on Time Series of A/F Changes. Fig. 8 shows the im- 
pact of A/F changes on different time series measures. To 
avoid clutter we will not show inventory for consignment 
in subsequent time series. FGI, WIP, RPI, on-order material, 
and on-hand inventory will refer to the material associated 
with trade units unless otherwise specified. 

All of the graphs in each row of Fig. 8 exhibit identical be- 
havior before week 21. This is to be expected, since before 
the first orders come in on week 21, the situation is the 
same for all cases. Only as different amounts of orders come 
in on or after week 21 is the situation different for different 
values of A/F. 

Fig. 8a shows the order forecasts and actual orders for ref- 
erence. The ratio of the values of the two lines at any time in 
the graph is equal to A/F. 

Fig. 8b shows the backlog and actual orders time series on the 
same scale. Notice how the backlog increases spectacularly 
as A/F goes beyond 125%. Fig. 8c, which displays backlog in 
terms of mature demand, shows that for an A/F value of 
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Fig. 7. EOL (end-of-Iife) inventory for experiment set la. 
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Fig. 8. Time series data for various values of A/F for experiment set la. 

200% the backlog can be as much as eight weeks of mature 
demand. Backlog measured in terms of weekly mature de- 
mand is constant for low A/F. It increases for high A/F be- 
cause products cannot be shipped as fast as orders come in. 

Fig. 8d shows that the EOL RPI level falls as A/F increases. 
In addition, the general level of RPI as a function of time 
falls as A/F increases until A/F is greater than 150% t when 
the RPI level actually appears to rise as A/F increases. The 
reason is that because of shortages we order more of all 



material to build the shortfall in units. The short lead time 
parts show up first, but cannot be used because of a short- 
age of the long lead time parts with minimal safety stock. An 
analysis of the results shows that the critical part is A. 3. 

Fig. 8e shows that the WIP profile increases as A/F increases. 
This is expected, since WIP is direcdy related to the ship- 
ments flowing through the system, and the shipments are 
directly related to orders, which are directly related to A/F. 
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Remember that this is true only when the production capac- 
ity constraint is not reached. If production capacity is only a 
little greater than forecast, high demands would result in the 
level of WIP being capped at some limit but spread out over 
time. 

Fig. 8f shows that the FGI level is identical for all values of 
A/F less than 100%. For A/F greater than 100%, the FGI gets 
eaten away slowly because the rate of replenishment of new 
units does not keep up with the shipments because of under- 
forecasting. However, since FGI safety stock levels are based 
on two weeks of 13-week average forecast and the forecasts 
used are identical in all the experimental runs, the peak FGI 
tends to be the same. 

Fig. 8g, on-order material, shows initial large spikes for 
material for RPI and FGI safety stock, followed by a drop 
after the material for safety stock has been delivered. Sub- 
sequentry the profile shows an increasing level over time as 
A/F increases. 

Fig. 8h, material ordered, shows the same spikes before week 
21 that we have seen before. Again the material ordered 
versus time increases as A/F increases. 

Fig. 8i shows that, in general, committed inventory after 
week 21 is higher for higher A/F and stretches out farther 
over time. For lower A/F the committed inventory is lower 
in the early part of the life cycle, but there is an increase in 
EOL inventory. 

Fig. 8j shows that for A/F less than 100%, shipments follow 
the order stream nicely. High A/F (high demand) values 
cause the initial orders to be filled as specified, but subse- 
quently shipments drop off and then catch up. The product 
shipment over time is smooth when A/F is less than or equal 
to 100%. When A/F is greater than 100%, during the early 
part of the life cycle the orders are filled as they come in. As 
the FGI safety stock is consumed, the shipments fall to the 
forecasted levels, and then subsequendy tend to rise to the 
actual order levels. 

The on-time shipment graphs in Fig. 8k show that initial 
orders are delivered on time in all cases. For A/F less than 
100% (forecasts are high), all orders are delivered on time. 
For A/F greater than 100% (forecasts are low), initial orders 
are delivered on time, but subsequent orders are late. As A/F 
increases beyond 100%, both the percentage and the total 
dollar value of on-time shipments (and consequendy deliver- 
ies), go down, and the late orders never catch up. On-time 
delivery graphs, which are not shown, would be identical to 
on-time shipment graphs shifted by one week. 

As expected, because of the policy of shipping as late as 
possible, Fig. 81 shows that average order-to-delivery time 
never goes below four weeks, but increases with time up to 
18 weeks as A/F increases to 200%. Fig. 8m, showing the 
percentage of on-time deliveries, is consistent with Figs. 8k 
and 81 in terms of on-time deliveries. 

How Late Are Late Orders? How late are the late orders and 
how many orders are delivered on time (namely, within four 
weeks of being ordered)? These questions are answered in 
Fig. 9, which shows the dollar volume of deliveries and the 
order-to-delivery time. For A/F less than or equal to 100% 
(forecasts high or demand low) , all orders are delivered on 
time. For A/F - 105%, most orders are delivered on time. For 



A/F = 150% and 200% (forecasts low), some orders are deliv- 
ered on time, and a large fraction of orders are delivered 
late. Furthermore, for high A/F values, even though the total 
volume of shipments is higher, the amount of on-time ship- 
ments and deliveries actually goes down. Some orders are 
delivered as much as 14 weeks late, that is, 18 weeks after 
receipt of order. This 14 weeks is the upper limit of lateness 
for this particular model and data configuration. No matter 
how high A/F gets, orders will never be later than 14 weeks. 
The explanation for this is given in Appendix IV-5. 

Interpretation of Results. In this model, forecasts were not 
updated on the basis of orders. In reality, when orders are 
very much under or over forecasts, there will be pressure to 
change the forecasts. If further information on the forecast- 
ing process is available, this can be incorporated into the 
model. Another study that could be done is to see what hap- 
pens if we treat the initial orders as early indicators of the 
whole life cycle, that is, after some period of time, we revise 
the forecasts so that they more closely represent the volume 
of actual orders. On the other hand, if the life cycle is very 
short, it may turn out that revising the forecasts when the 
first orders come in may not have an impact on system re- 
sponse. We have established a nominal trapezoidal product 
life cycle, but this could be changed in various ways. It 
could be stretched out horizontally to increase the life cycle 
(as is done in subsequent experiments), or vertically, to 
show a higher level of product demand. 

Customers need to receive the products within a reasonably 
short time, or they might cancel the order. For the model, 
we assume that customers are willing to wait patlentiy as 
long as it takes for the manufacturing facility to produce and 
ship the products, and that they will not cancel the order. 

The purpose of this detailed discussion is to show how 
changing the one factor, A/F, can have different impacts on 
different metrics, and how this might affect different parties 
interested in the outcomes. A/F is partly under the control of 
customers, and pardy under the control of marketing, as- 
suming that greater effort will provide a better estimate of 
orders. It shows that if A/F is low, order processing and 
shipping would have excellent performance metrics in get- 
ting products out in a timely fashion, whereas material pro- 
curement would be in the situation of trying to explain why 
there is so much material in the plant, and marketing and 
the plant manager may have to explain why orders are 
below target. On the other hand, if A/F is high, customers 
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Fig. 9. Deliveries by order-to-delivery time in weeks for experiment la. 
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Factor Description 

Actual/Forecast, % 

Part Safety Stocks 
Class A 4K weeks 
Class B 8K weeks 
Class C 16K weeks 

Life Cycle, L+6 months 

Availability, weeks 

Percentage value of 6, 10, and 
14-week lead time parts in the 
product (r%,s%,t%) 



Table III 

Range of Values of Factors for Different Experiment Sets 

Parameter Name Number of 

Different Values 

A/F 



Values 



11 



K 



L 
Y 
It 



A/F (%) = 50,75,95,700,105,110,120,125, 
150,175,200 

K = 0.5,0.75,7.0,1.5,2.0 



L = 0,3,0,12,18 
Y= 1,2,4,8,12 

rrr = (100,0,0) ,rst = (25,40,35). 
sss - (0,100,0), ttt= (0,0,100) 



Experiment 0 (nominal case): Values shown in italics. 

Experiment Set la (uncontrollable factor A/F varied): Values of A/F varied as shown. Values of other factors same as experiment 0. 

Experiment Set 1b (A/F = 1 00%, controllable factors varied): Values of factors other than A/F varied as shown in turn. Values of other factors same as in Experiment 0. 
Experiment Set 2 (dual-factor experiments): Values of factor A/F and one other factor varied in turn. Values of other factors same as in Experiment 0. 
Experiment Set F (all factors varied): Values of all five factors varied as shown. 



will be screaming for products, order processing and ship- 
ping will be trying to placate angry customers, production 
will be under pressure to put out products faster, and mate- 
rial procurement will have to explain the perpetual shortage 
of raw material A.3 while other material is piling up. 

Experiment Set lb: 

Controllable Factors Varied with 100% A/F 

We next look at the effect of changing the factors over 
which the manufacturing enterprise has some control. In the 
single-factor experiments, the variation of each factor is 
summarized in Table IIL Except for the set of runs where 
A/F varied as in experiment la, A/F was set at 100%. 

Changes in safety stock levels can be characterized in many 
ways — for example, for each part individually. We chose to 
multiply the safety stock levels of experiment 0 by a con- 
stant multiplier K whose value ranged from 0.5 to 2.0. Life 
cycle lengths were changed by using values of L to result in 
life cycle lengths L+6 between 6 and 24 months. 

Availability Y was varied from 1 week to 12 weeks (it cannot 
be less than 1 week because of the 1-week shipment transit 
time). Y = 1 requires off-the-shelf delivery and implies a total 
build-to-forecast strategy. As Y increases, the production 
strategy shifts from build-to-forecast to build-to-order. From 
prior considerations, an availability Y of 18 weeks will result 
in on-time delivery of every order regardless of forecast 
quality. 

While there are different ways to characterize modification 
of part lead times — for example, changing it for each part — 
we chose to change part lead times by changing the percent- 
age of parts with lead times of 6, 10, and 14 weeks to be 
100% in turn. 

EOL Results. The EOL inventory graphs for A/F = 100% are 
summarized in Fig. 10. EOL inventory increases as safety 
stock increases; the results are consistent with experiment 
0. When K is 0.75, we carry 12 weeks of C parts and there is 
no EOL RPI. When K is 1, we carry 16 weeks of C parts and 



end up with EOL inventory of C parts. When K is greater 
than 1, EOL RPI increases. When K is 2, we carry 16 weeks 
of B parts and EOL RPI includes both B and C parts. 

Fig. 10b shows that product life length has no impact on 
EOL inventory. This is to be expected in the model because 
increasing L stretches out the middle portion of the time 
series graphs, and the behavior towards the end of life tends 
to be the same in all cases when L increases (illustrated in a 
future graph, Fig. lib). For short L, the effect of the rising 
demand in the beginning of the life cycle affects the behavior 
at the end of the life cycle. Fig. 10c shows that as availability 
Y is shortened, EOL inventory increases, that is, quoting 
shorter lead times to customers exposes us to more risk of 
EOL inventory. This is intuitively correct; the longer the 
quoted availability, the longer we can afford to wait before 
ordering material. 

Part lead time has no impact on EOL inventory when A/F = 
100% (Fig. lOd). 

Other Results. Fig. 1 1 shows the inventory measures over 
time as different factors are varied. Delivery performance is 
not shown because for A/F = 100%, delivery is always 100% 
on time. 

Fig. 1 la shows the inventory measures over time as a func- 
tion of raw material safety stock multiplier K. The heights of 
the three initial spikes for material orders increase as K in- 
creases, directly impact RPI and on-order material, and indi- 
rectly impact on-hand and committed inventories. In general, 
the higher the K, the higher the inventory levels, including 
EOL inventory, which is the tail of the committed inventory 
graph. The on-order material level before the start of pro- 
duction increases as K increases. Keeping all the other fac- 
tors constant, there is no change in backlog or delivery 
performance, and these are not shown in Fig. 11a 

Fig. lib shows the inventory measures over time for varying 
the product life cycle by changing L from 0 to 18 months. 
This is one of the less interesting graphs, shown here for 
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Fig. 10. EOL Inventory by single-factor changes with A/F » 100% for experiment set lb. (a) Effect of material safety stock (5 runs) . 
(b) Effect of product life (4 runs) . (c) Effect of availability (5 runs) . (d) Effect of lead time (4 runs) . 



completeness. EOL inventory is the same in all cases. How- 
ever, because total PCFT increases, EOL inventory is a 
lower percentage of PCFT as L increases. 

Fig. 11c shows the inventory levels over time for varying 
quoted availability Y. As Y increases, after the same three 
initial spikes, the amount of material ordered gets delayed, 
and the on-order material graphs get stretched to the right. 
The committed inventory graphs are also stretched into the 
future. The committed inventory is lower and the EOL in- 
ventory (tail of the committed inventory graph) tends to 
decrease. The delivery profiles are shifted out into the 
future and the backlog levels are higher. 

Fig. lid shows the time responses of the inventory metrics 
as part lead times vary. Notice the change in shape of the 
material ordered graphs. For It = (25,40,35), there are three 
large and three small spikes, whereas for the other cases, 
there is one large spike and one small spike. As lead time 
increases, the material needs to be ordered earlier. On-order. 
material increases as the lead time increases. On-hand inven- 
tory does not change. There is no impact on EOL inventory, 
order backlog, or on-hand inventory (RPI+WIP+FGI) as long 
as A/F remains constant at 100%. 

Interpretation of Results This set of results shows how each 
organization in the manufacturing enterprise can improve its 
performance metrics assuming that it relies on the forecasts 
given as being accurate and does not try to second-guess 
them. For example, if material procurement is under pressure 
to lower inventory levels, it would naturally try to reduce K. 
On the other hand, order processing and shipping would 
prefer to reduce Y to reduce having to deal with impatient 
customers. 



Experiment Set 2: Dual-Factor Experiments 

In this experiment set, we varied two factors in combination 
and attempted to observe the effects. However, instead of 
looking at all combinations, we looked at the impact of each 
of the other factors when A/F changed. This enabled us to 
see the effect of the controlled action in various situations 
of customer ordering behavior. 

Results of Two-Factor Experiments. Fig. 12 summarizes the 
information on EOL and on-time deliveries as A/F and other 
factors are varied. Fig. 12a shows that as K increases, there 
is higher exposure to EOL inventory as A/F decreases. How- 
ever, increasing K in general gives better delivery perfor- 
mance by shortening the average order-to-delivery time as 
A/F increases above 100%. Below an A/F value of 100%, K 
does not have an impact on the already excellent delivery 
performance shown by 0% late deliveries. 

Fig. 12b shows that as L increases, the total shipments for a 
given A/F increase. For long L, the absolute volume of on- 
time deliveries initially increases as A/F increases. As A/F 
keeps on increasing past 100%, the absolute volume of on- 
time deliveries decreases. The average order-to-delivery time 
is not affected very much by L, and the EOL inventory is im- 
pacted insignificantly. The absolute amount of EOL inventory 
seems to depend little on L except when L is 0. For L = 0, the 
long lead time and high safety stock parts may actually cause 
most of the material for life cycle use to be ordered before 
the first customer order is received. The percentage of EOL 
writeoff decreases for a given A/F as L increases, reflecting 
the fact that the EOL writeoff is a smaller percentage of the 
total shipments as total.shipments increase. 
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Fig. 11. Inventory measure time series for experiment set lb: varying different factors with A/F = 100% (order forecast graph coincides 
with actual orders graph) . (a) Varying safety stock levels (5 runs), (b) Varying life cycle (5 runs), (c) Varying availability (5 runs), (d) Varying 
lead time (4 runs) . 
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Fig. 12. EOL and shipment metrics as functions of A/F for experiment set 2 as each of the other factors is varied, (a) K varied, (b) L varied, 
(c) Y varied, (d) It varied. 

Fig. 12c shows that increasing Y is desirable for reducing the in customers waiting for long periods of time, which in prac- 
percentage of late deliveries and reducing EOL inventory, but tice might lead to possible order cancellations. When Y = 1 , 
that the average order-to-delivery time increases, resulting the worst average order-to-delivery time is lower than the 
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best average order-to-delivery time when Y = 12 weeks. This 
is an example of a situation in which trying to reduce late 
deliveries by quoting a longer lead time actually leads to 
longer average delivery times and possibly lower customer 
satisfaction. 

Fig. 12d shows that if all other things are kept constant, 
longer vendor lead time leads to poorer performance when 
A/F is greater than 100% and increased EOL exposure when 
A/F is less than 100%. For It = (100,0 ( 0), that is, lead time for 
all parts is 6 weeks, A/F has little impact on average order- 
to-delivery time over the given range. Furthermore, the per- 
centage of late deliveries is generally lower than for the 
other values of lead time. If Y could be set to 12 weeks for 
the case It = (100,0,0), no orders will ever be late, regardless 
of the value of A/F. Applying reasoning similar to that on 
page 82, the policy of waiting for customer orders to arrive 
before we order parts could lead to an order-to-delivery time 
of nine weeks, which is shorter than 12. 

Observations. We have looked at the interactions of A/F with 
the other factors in our experiments and noticed the com- 
plexity of the interactions. The results of experiment set 2 
show the impact of uncertain customer behavior on various 
organizations within the enterprise. In an uncertain world 
where A/F is outside our control, it would appear that in- 
creasing K and L, reducing It, and increasing Y would in- 
crease on-time deliveries, which is desirable from the point 
of view of the manufacturing enterprise. However, increas- 
ing Y will tend to increase order-to-delivery times and back- 
log volumes, which could potentially lead to poorer cus- 
tomer satisfaction and high backlogs for order processing 
and shipping to deal with. 

The other problem of taking these actions is that while 
delivery performance for the enterprise improves in general, 
different people and organizations are responsible for in- 
fluencing and setting the values of K, Y, and It and obtaining 
the reward of improved metrics. Increasing K results in bet- 
ter availability but increased write-off, especially if A/F is 
below 100%. One individual owns K, another individual owns 
Y, the vendors and R&D together determine It, marketing 
owns L, and customers determine A/F. Any one of these can 
influence the other measures unilateralry, so it is necessary 
to coordinate the efforts of increasing some parameters and 
reducing others simultaneously. For example, material pro- 
curement could reduce K on the assumption that it will re- 
duce RPI, committed inventory and EOL inventory, and this 
would be correct if A/F were 100%, but if A/F came in 
greater than 100%, the overall delivery performance would 
be poor. On the other hand, if R&D chose longer lead time 
parts because vendors demanded a premium price for short 
delivery times, EOL inventory would tend to be higher re- 
gardless of what value of K was chosen by material procure- 
ment If quoted availability Y were reduced from 4 weeks to 
1 week, inventory levels would tend to go up. 

We could also consider the effects of the four other factors 
on one another, and that would give rise to another six com- 
binations. These discussions are outside the scope of this 
paper. 

Experiment Set F: All Factors Varied 

In experiment 0, we looked at the results of one simulation 
run. In experiment 1, for each factor we looked at four to 



eleven runs. In experiment 2, we looked at 44 to 55 runs for 
each combination of A/F and the other factor. As we study 
the effects of multiple factors, the number of runs increases 
exponentially. Complexity increases not only in terms of 
number of simulation runs considered but also the way in 
which we analyze the data. A full factorial experiment, that 
is, one in which all the factors are varied in all combinations 
given here, requires the analysis of 5500 runs. While it is 
easy to specify different levels of factors, the analysis of the 
amount of data generated as a result of increasing the num- 
ber of factors becomes intractable. For example, if all of the 
time series graphs of a single run were plotted on one sheet 
of paper each, we would have a pile of printouts eleven 
reams of paper thick. To do the analysis, we used a graphing 
technique supported in S-Plus called a design plott 

Design Plots. Fig. 13 shows the design plots of the means of 
each of four different metrics at each of the levels of the five 
factors. The four metrics are EOL inventory, EOL inventory 
percentage, total on-time deliveries, and percent on-time 
deliveries. Each plot reflects one metric and summarizes the 
value of that metric for 5500 runs. The point labeled A is the 
mean of the EOL values of all experimental runs with A/F = 
50% (mean of 500 values) . A longer line indicates greater 
sensitivity of the metric to that factor over the range consid- 
ered, all other things being equal. For example, A/F appears 
to have the strongest impact on EOL inventory, EOL per- 
centage, and on-time shipments. On the other hand, the ma- 
ture demand period L has a strong influence on the total 
dollar volume of on-time product deliveries. 

An interesting point is that mean EOL and EOL percentage 
decrease steadily as A/F increases. On-time deliveries in 
dollars increases up to a point as A/F increases to 125%, but 
subsequently decreases (point B in Fig. 13c). The explana- 
tion is that the safety stock, policy gives some protection for 
on-time delivery in dollars when A/F > 100%. On-time deliv- 
eries as a percentage remains at 100% for A/F < 100% and 
subsequently decreases as A/F increases over 100% (point B' 
in Fig. 13d). 

Another interesting behavior is that of the points marked C 
and D. The fact that the mean values of the metrics appear 
close together for the (25,40,35) case and the (0,0,100) case 
suggests that the length of the maximum lead time of parts 
in the bill of material has a very strong influence on on-time 
deliveries if all other factors are kept constant 

Further Analysis. We have barely scratched the surface of 
what is possible in analyzing the simulation data of this one- 
level bill of material, single-product situation. Further analy- 
sis and display of the variables is possible through scatter 
plots of pairs of variables and responses, and the use of fac- 
tor plots which show greater detail. For example, further 
analysis could try fitting a statistical model using least sum 
of squares of residuals for the responses, separately and 
jointly. This was not done for this paper. 

Experiment Set M: 

Multiple Product Life Cycles with Part Commonality 

This set of experiments showed the impact of part com- 
monality across multiple product life cycles. The product 

t We call it a design plot because it is generated by the S-Plus function pbtdesigi. There is no 
standard name of this plot. In the literature, 23 it is referred to as a "a plot of the mean response 
for each level of each factor." 
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Note It = (% 6-week, % 10-week, % 14-week lead time parts), 
rrr Indicates It =(100AO) 
sss indicates It = (0,100,0) 
ttt indicates It = (WW) 
rst Indicates It = (25,40^5). 



Fig. 13. Design plots for experiment set F: all five factors varied (5500 runs) . 



cycles overlapped in time, that is, one started before the 
preceding one finished, and we looked at a series of scenar- 
ios that differed in the values of common parts in adjacent 
products. These were the assumptions: 
There were four products: Adder- 1, Adder-2, Adder-3, and 
Adder-4. 

Part commonality occurred between adjacent products only. 
Demand increased 30% for each new product. 
The unit cost of each product was 85% of the unit cost of 
the previous product. 

Each product life cycle was 6 months, or L = 0. This means 
that the complete cycle for each product is 6 months, or 24 
weeks. 

There was a one-month overlap between products, that is, 
the first month of demand of a new product begins in the 
last month of demand of the previous product. This implies 
a total lifetime of the product family of 21 months, or 84 
weeks. 

Other factors and conditions remained as in the nominal 
case. 

Fig. 14 shows a graphical representational of the part 
commonality between adjacent products for the different 
experiments. In particular, since part commonality for ex- 
periment M-0 is 0% across adjacent products, there are no 
shaded areas. A fuller discussion of part commonality is 
given in Appendix III. 

Fig. 15 shows the forecasted and actual order patterns for 
the four products. 



Fig. 16 shows the RPI levels for parts used in the different 
products in Experiment M-0 (no part commonality). Con- 
signment inventories are not shown to avoid clutter in the 
graphs. The WIP, FGI, products ordered, PCFT and delivery 
profiles are identical for all runs in experiment set M. How- 
ever, each of the runs has a different profile for RPI. Note 
the EOL inventory of each set of parts. 

Fig. 17 shows the consignment and EOL inventory levels for 
each run. As expected, the consignment level increases by 
product because the forecasted and actual orders increase 
by product The consignment value for a particular product 
is the same across experiments. The EOL inventory for 
Adder-4 is the same in all the experiments. There does not 
appear to be any correlation between part commonality and 
the EOL inventory. A correlation exists between part ob- 
solescence for a product and the EOL inventory for that 
product. 

Fig. 18 shows the part obsolescence across products for each 
of the experiments. Notice how the EOL for each product in 
Fig. 17 is proportional to the obsolete parts for each product 
in Fig. 18. 

Traditionally, in considering part commonality, design prin- 
ciples suggest using as many parts as possible from the old 
product. However, the results above suggest that from the 
point of view of EOL inventory, the amount of leftover mate- 
rial at the end of each product is proportional to the percent- 
age of the part value of the obsolete parts in the old product 
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Fig. 14. Part commonality be- 
tween products across experiment 
set M. Demand (width of bars) 
for each product is 30% higher 
than for the previous product 
Unit cost (length of bars) is 85% 
of previous product cost. 



It further suggests that the important consideration from the 
point of view of EOL inventory is that the percentage value 
of obsolete parts at the end of each product's life should be 
minimized. 

Discussion 

In this section we discuss specific results of the Simple 
Model, enhancements to the EMS system to do more de- 
tailed analysis, the role of the Simple Model in enterprise 
modeling and simulation, and optional ways of using 
enterprise modeling and simulation. 

The major results can be summarized as follows: 
Rational material ordering and safety stock policies designed 
to reduce inventory to zero at the end of the product life 
cycle can give rise to leftover material if customers orders 
exacdy according to forecast. 

System behavior and the impact on different metrics such 
as write-off, delivery times, and performance deliveries can 
be quantified with respect to the factors of forecast quality, 
safety stock levels, material lead times, product life cycles, 
and quoted availability individually as well as in combination. 
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Fig. 15. Orders for different products for experiment set M. 



• Forecast quality, which is influenced by the external environ- 
ment, has a major effect on the metrics of interest. For ex- 
ample, high inventory levels may occur when actual orders 
come in too high or too low. 

• The influence of part commonality on write-off can be 
quantified; this suggests an alternative way of looking at the 
practice of using common parts in a series of products. 

What have we learned from the simulation runs on the Simple 
Model? We have derived a set of specific insights into system 
behavior under a variety of operating conditions using a 
methodology of generating behavior over time. We went 
through a large number of scenarios and showed how to 
gauge system behavior from the perspectives of different 
parties. 

Interpreting the Results 

The model results are sensitive to the underlying assump- 
tions. Since we assumed the vendors always delivered on 
time in the simulation, the safety stocks in effect guarded 
only against demand uncertainties. We examined in detail 
the situation of order forecast bias with zero variance. This 
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Fig. 16. RPI levels for the different parts as a function of time for 
experiment M-0 (no part commonality) . 
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Fig. 17. Consignment and EOL inventory by product for different amounts of part commonality for experiment M-0. 



is not an inherent limitation of the model, but reflects only 
the deterministic circumstances in which we ran the simula- 
tions. However, the results indicate that even if production 
and supplier lead times are completely predictable and sup- 
pliers deliver on schedule, interactions and delays within the 
system lead to long lead times being seen by the customers 
when there is underforecasting of customer orders. The 
manufacturing enterprise needs to take this into account 



and start looking elsewhere — merely making the production 
faster and more efficient is not sufficient. 

The results so far have only scratched the surface of the 
analysis and interpretation possibilities. Other analysis 
could be done by varying ship times, FGI safety stock levels, 
production planning frequency, material ordering frequency. 
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Fig. 18. Parts obsolescence be- 
tween products across experiment 
setM. 
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Fig. 19. Material and order flow 
diagram of a simple multientity 
distributed enterprise. 



order filling policies, and uncertainty and time delays of infor- 
mation flow. This increases the number of runs and the quan- 
tity of data collected as well as the complexity of analysis, 
but would provide a richer set of relationships. 

The Simple Model example may have left the reader with 
the impression that the current EMS system can deal with 
only simple or trivial cases. One goal of enterprise modeling 
and simulation research activities is to address successively 
more complex interactions and to model real-world intrica- 
cies more closely. In support of that goal, the following sec- 
tions discuss subsequent and future enhancements to deal 
with other issues that have been raised. 

Uncertainty and Variability. In the experiments described, the 
Simple Model was run under deterministic circumstances. 
Demand values and process times were constant across a 
particular run for convenience of understanding, and we 
considered uncertainty in the form of forecast biases where 
demands were a fixed multiple of forecasts over the period 
of the forecasts. Other forms of uncertainty could include 
the actual life cycle being different from the forecasted life 
cycle. Uncertainly in process times could be handled by 
using two values for process times: the planned process 
time for planning purposes and the actual time for execu- 
tion. This reflects the situation when actual process times 
are uncertain and different from the estimated times for the 
process. For example, the build time for planning purposes 
could be two weeks, but it could turn out that the actual 
build time was one or three weeks. 

We did not deal with variances that might occur when the 
total demand is forecasted accurately but the week-to-week 



demand fluctuates widely. Furthermore, variances of process 
times (e.g., delivery times from vendors and assembly times), 
yields (e.g., defective units), and build times for individual 
units were net modeled. 

Dealing with variances is fairly straightforward once they 
are characterized. It requires using random number genera- 
tors and multiple runs starting with different random num- 
ber seeds — the current practice of discrete event simulation. 
There are three primary costs associated with this: the in- 
crease in data collection to characterize the variances of 
different processes, the increase in computational effort 
and the increase in analysis effort. Only the data for the 
model needs to be changed to reflect variances. Hie model 
structure itself requires no changes. 

Distribution and Multisite/Multiorganizational Interaction. The 

product distribution function and interaction between multi- 
ple sites were not considered in the Simple Model. Multisite 
and multiorganization interactions have been implemented 
by enclosing cloned versions of a slightry enhanced manu- 
facturing enterprise model as shown in Fig. 19. The enhance- 
ment requires the manufacturing facility to generate and 
transmit its projected material requirements in addition to 
material orders. 

Capacity and Supply Limitations. In current practice, build 
plans and material plans are sometimes computed ignoring 
production capacity and vendor limitations. In some cases, 
these plans are adjusted to conform to production capacity 
and vendor supply constraints, such as a minimum order 
quantity or a maximum that can be ordered in a period. In 
other cases, these limitations are observed at plan execution, 
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that is, at production, or when deliveries are not received 
from vendors when expected. There is no unique way of 
dealing with these limitations. 

Implementing capacity limitations in the current Simple 
Model is straightforward during production. To deal with it 
during planning requires the inclusion of two classes of ca- 
pacity constraints in the production planning algorithms: the 
capacity restrictions for an individual product, assembly, or 
subassembly as well as total capacity, and the rate at which 
production capacity can increase. 

In reality, when prospective capacity limitations are detected, 
production and manufacturing line design and engineering 
considerations determine the rate of capacity expansion. 
When gross overcapacity is detected, consideration is given 
to reducing costs by reducing capacity. While currently the 
EMS system cannot model the strategic decisions of 
whether to expand capacity or forego extra orders, it can 
model the consequences of picking either of these actions. 

Interaction of Multiple Products. The Simple Model assumed 
a single product with unconstrained production capacity. 
Consequendy, a single unavailable part stops production of 
that product. Since this phenomenon also occurs with multi- 
ple products with no common parts, multiple products with 
no common parts can be analyzed by adding up the effects 
of the individual products separately. The reader familiar 
with linear systems will recognize this as the principle of 
superposition. 

Adding up the results would also be valid for multiple prod- 
ucts with common parts with no part shortages as in experi- 
ment set M. It would not be valid for multiple products with 
common parts, resources, and supply and production capac- 
ity limitations under scarcity conditions. When a part or 
resource is in short supply, decisions must be made on how 
to allocate the parts and resources based on some simple 
heuristic or optimal allocation scheme. 



Multilevel Bills off Materials. The Simple Model dealt with a 
single-level BOM. Further expansions allow an arbitrary 
number of levels of BOM to be passed as data to the model. 
A seven-level BOM for a real product has been implemented 
and tested successfully. This capability to pass BOM as data 
allows us to make different runs with different product 
structures (as for example in experiment set M) without 
modifying the model structure. 

Connection to a Mathematical Programming or Optimization 
Package. The Simple Model focused on applying simple algo- 
rithms for planning. The production planning and material 
procurement processes were initially implemented as the 
explicit closed-form solutions derived in Appendix I. It was 
realized subsequendy that these algorithmic closed-form 
solutions were the solutions to the linear programming 
problem formulation. As more sophisticated planning deci- 
sion techniques are proposed and studied, implementing the 
algorithmic solution for each new technique becomes im- 
practical. An alternative approach is to formulate the plan- 
ning process as an optimization problem and separate its 
solution from the formulation. This leads to concentrating 
on ways to better formulate the problem, leaving the solu- 
tion to a separate process such as a mathematical program- 
ming package. This could provide a means of rapidly testing 
alternative strategies for production planning (e.g., global 
production planning across the entire enterprise versus 
local production planning at each site). 

R&D, Marketing, and Cash Flow. Fig. 20 shows a proposed 
enterprise model at a broader scope for the next level of 
complexity. It generalizes Fig. 3 which focused mainly on 
manufacturing activities. Modeling the marketing function 
(and associated activities such as the forecasting process, 
pricing issues, and product obsolescence) could help show 
the impact of marketing decisions and activities on the over- 
all system response as well as the impact of using current 
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orders to project future forecasts. Modeling the R&D func- 
tion could provide insights on impacts on time to market, 
with product development time taken into account in addi- 
tion to build time. Modeling these functions can help us deal 
with situations that require coordination of marketing, R&D, 
and manufacturing activities and can help identify the exis- 
tence of leverage points for process improvement. The 
blocks shown in the diagram represent functions, and each 
could describe multiple instances of that function. For ex- 
ample, the block labeled manufacturing could represent 
multiple manufacturing sites interacting with one another. 

The primary flows in the Simple Model concentrated on infor- 
mation (e.g., orders, forecasts, plans, and status information), 
material, and control (e.g., triggers that cause activities like 
production to start). Flows and inventory levels were con- 
verted to monetary units before being analyzed, but cash 
flows were not modeled explicitly. 

Modeling cash flows for payments of parts, products, and 
process costs will provide a financial perspective. Showing 
projected cash flows and investments and the projected 
financial consequences of investment decisions will provide 
the stepping stones to doing discounted cash flow arid net 
present value analysis. Modeling cash flows will also help 
generate pro forma financial statements to estimate reve- 
nue, cost, and income owing to different capital budgeting 
and allocation decisions, and provide a tool that could help 
address business issues. An example of such an issue is the 
transition from a high-margin business to a low-margin high- 
volume business. 24 The model may help by projecting cash 
requirements for investments and operations and providing 
estimates for return on assets during the transition. 

Whither the Simple Model and the EMS System? 
The Simple Model is not an end or final model; it is inter- 
mediate in a series of models that have contributed to the 
evolution of enterprise modeling and simulation (see page 90) 
and the development of the EMS system. Its simulation dem- 
onstrates the kinds of results that can be generated by enter- 
prise modeling and simulation Its value is in providing greater 
quantitative analysis where previously qualitative approaches 
have been adequate (see below). Its immediate subsequent 
application was the planning calendar model. 25 * 26 ' 27 

The subsequent and future enhancements discussed make 
the Simple Model more complete. Some of the changes 
make the model larger, add detail complexity, and generate 
more precise results. Other changes broaden the scope of 
the model, and make it more representative of the other 
functions of the enterprise besides manufacturing; these 
changes require the addition of greater levels of abstraction, 
the ability to consolidate different points of view, and knowl- 
edge acquisition across the organization. All the changes are 
technically feasible and require different kinds of activities: 
the first set of changes requires greater emphasis on "model- 
ing in the small," and the second set requires greater empha- 
sis on "modeling in the large" (see discussion on page 81). 
Discussions based on the experience and views of some 
managers responsible for operations suggest that expanding 
the size by increasing the detail complexity, while providing 
greater predictability of the system, is difficult and requires 
a tremendous amount of investment to manage the complex- 
ity of the models and the generation and interpretation of 
the resulting data. Monroe 24 and Harmon 28 have individually 



recommended that there is greater value and potentially a 
far greater return on investment to be obtained by broaden- 
ing the scope of future models to address and reflect business 
issues and concerns. 

Regardless of the direction of model enhancement is the 
challenge of managing simulation data. The simulation runs 
for the experiments generated large amounts of data, and 
only aggregate data was collected and summarized. For in- 
stance, RPI levels for every part were generated for each 
week during the simulation, but the data collected was the 
aggregate dollar value of all the parts. The challenge became 
one not of collecting all data, but one of deciding ahead of 
time which data was interesting and not collecting that 
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The Simple Model: Sponsor's Perspective 

As HP's Computer Systems Organization customers increasingly request delivery 
of complete systems with much shorter lead times, our design, manufacturing and 
delivery systems are being stretched beyond their performance limits. 

Qualitative approaches to improvement have served us well in the past but more 
quantitative analysis is needed to understand and improve the total system both 
from a customer and an HP perspective. 

The Simple Model was conceived and developed in teamwork with HP Laborato- 
ries. We sponsored it to help learn and communicate the key drivers and charac- 
teristics of a manufacturing enterprise. The insight achieved could then be used in 
our order fulfillment initiative to design product, manufacturing, and delivery 
systems to match critical business requirements and position us to meet future 
customer needs effectively in the global marketplace. 

Jerry Harmon 

General Manager 

HP Puerto Rico 

Sponsor of Simple Model 

for HP Computer Manufacturing 



which was not; otherwise the storage requirements for stor- 
ing all the generated data became significant The data pre- 
sented in the form of graphs and charts in this paper is only 
a small portion of the actual data collected and analyzed. A 
larger amount of collected data was discarded because it did 
not look interesting. 

The sheer amount of detailed data that needs to be examined 
and interpreted tends to overwhelm the analyst The analysis 
and interpretation of the data was very much a creative team 
effort requiring much discussion, and is not yet understood 
well enough to be automated. As we increase the number of 
factors, the behavior becomes more complex, and the 
amount of data tends to increase exponentially with the 
number of factors. When presented with the data in its raw 
form, decision makers and experts familiar with the problem 
issues but less familiar with modeling and simulation all have 
the same general reaction that it is too complex and difficult 
to understand. While this is a valid reaction, the reality is that 
the enterprise is a complex system of interacting information, 
material, resource, and control flows, and whether we like it 
or not, has complex behavior. Enterprise models as abstrac- 
tions or idealizations for the real system merely reflect that 
complex behavior in the simulation. We can choose to ignore 
the complexity of the real system and use ad hoc qualitative 
methods to deal with the resulting behavior, or we can 
choose to face the complexity, understand it by selecting 
what we think are important factors that influence the be- 
havior of the enterprise, and find opportunities for applying 
the understanding. Enterprise modeling and simulation rep- 
resent one means of facing this complexity and providing an 
understanding of this behavior. As with most endeavors, we 
have found that the precursor to simplicity of expression is 
greater depth of understanding. 

Increased technology in the hands of the modeling and simu- 
lation expert is not sufficient for providing the insight that 
will help make better decisions and highlight important re- 
sults. Merely generating large numbers of insights and conclu- 
sions is insufficient It requires the perspective of operations 



teams and decision makers to guide the direction of explora- 
tion and to emphasize the correct metrics to solve the current 
situation. In fact, Monroe 24 has suggested, and we in the 
enterprise modeling and simulation project concur, that 
techniques to digest and present large amounts of data rap- 
idly and in a more easily understood fashion would be a 
beneficial next step and a" fruitful area of research, and that 
joint work of a modeling expert with an operations team to 
further understand the issues of data reduction, interpreta- 
tion, and presentation will help modeling and simulation 
take its rightful place as a useful tool in analyzing business 
decisions. 

The Simple Model is a descriptive model that illustrates 
complex dynamic behavior of a manufacturing enterprise 
with low structural and detail complexity. As we have seen 
in this paper, its primary output is data and information on 
the state of the world, and it goes a great distance towards 
presenting observations. Unlike an optimization model, 
which is a prescriptive model whose solution recommends 
the best action under a given set of circumstances, the Simple 
Model does not suggest actions. It is up to the analyst or deci- 
sion maker to come up with creative solutions to solve the 
problems highlighted by observations of the model behavior 
and then assess the results from a subsequent simulation 
run incorporating those solutions. 

Prospective Applications 

Let us now look at application areas for enterprise modeling 
and simulation. These include but are not limited to improv- 
ing the performance of the current system (continuous im- 
provement), studying the impact of reducing process times, 
and generating information for the enterprise, all of which 
are discussed below. A potentially far more powerful appli- 
cation is looking at new designs where the process itself is 
being changed (i.e. r reengineering). Because of the strong 
current interest, large impact, and controversy surrounding 
reengineering, this subject is given its own discussion on 
page 86. 

Incremental Improvements. Actions for continuous improve- 
ment can be suggested by running the nominal or baseline 
model and rerunning it with minor modification and changes 
in parameters or actions over which we have control. For 
example, it may not be possible to reduce all the part lead 
times down to six weeks, but we could certainly see the 
impact of reducing the value of 14-week parts in the product 
to determine the impact on the metrics of interest We could 
look at the impact of reducing build times or FGI safety 
stock levels slighdy to study the impact on the measures of 
interest We could examine the impact of making two small 
changes at the same time. This application of enterprise 
modeling and simulation supports the process of continuous 
improvement by demonstrating the benefits of small 
changes. 

Verifying Impact of Reducing Process Times. Davidow and 
Malone 29 talk about how short cycle times attenuate "the 
trumpet of doom," which is a plot of forecasting error versus 
time that implies that the further a person must forecast into 
the future, the greater the possibility of error. Rather than 
speculate on or guess on the impact of this trumpet of 
doom, enterprise modeling and simulation provide a way to 
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quantify the effect of reducing system cycle times. This can 
be accomplished by making some estimates of the amount 
of uncertainties within the model. 

Stalk and Hour 30 suggest mapping out explicitly the major 
causes of problems in processes such as new product devel- 
opment or in operations, and comparing actual versus stan- 
dard cycle times. These maps provide qualitative relation- 
ships. To the extent that processes can be mapped explicitly 
and quantitatively, enterprise modeling and simulation can 
show how the system behavior changes for a given change in 
the process and can verify whether modifying the component 
processes has the desired overall global effect. 

Generating Enterprise Behavior Information. Davidow and 
Malone 29 identify four categories of information of use to a 
corporation: content, form, behavior, and action. Content 
information is historical in nature and reflects the experi- 
ence. Form information describes shape and composition 
and is usually more voluminous than content information. 
Behavior information often begins with form information 
and usually requires a massive amount of computer power 
to predict behavior through simulation. They suggest that 
the final triumph of the information revolution will be the 
use of action information— information that instandy con- 
verts to sophisticated action. Until recendy, only the most 
elementary category, content, has been available to business 
in any systematic and manageable way, and obtaining or 
generating the other three categories has become economi- 
cally feasible only in recent years. They go on to describe 
how behavior information generated by computer simulation 
is the new paradigm for product design ranging from molec- 
ular design through automotive design to airplane design. 
With such behavior information design disasters of the past 
might be averted, and potential and unforeseen future trag- 
edy can be replaced with a successful and predictable con- 
clusion. With the arrival of workstations in the 1980s, it be- 
came reasonable for the computer to create realistic models 
and put them through their paces rather than painstakingly 
building prototypes and testing them under a variety of op- 
erating conditions. High-speed simulators could be built that 
reproduced the actual electrical characteristics of devices in 
different configurations. 

We suggest that enterprise modeling and simulation repre- 
sent an assistive and enabling technology for the design and 
implementation of processes of the enterprise, and that the 
application of such techniques to the enterprise could poten- 
tially have greater impact than product design. Furthermore, 
these techniques have the characteristic of converting con- 
tent and form information into behavior information on 
which action can be taken. While the enterprise modeling 
and simulation process currendy does not suggest actions 
or alternatives, it describes the behavior of the system de- 
signed with alternate processes under different operational 
scenarios. 

Conclusions 

In this paper, we outlined activities in enterprise modeling 
and simulation at HP Laboratories and presented in detail the 
results of the simulation of a simple model of a manufactur- 
ing enterprise. We have also described possible areas where 
enterprise modeling and simulation might be applicable, and 
reiterate that enterprise modeling and simulation provide a 



way of quantifying the impacts of proposed changes before 
they are implemented. 

The Simple Model captures the characteristics and behavior 
of a manufacturing entity at a fairly high level. It shows that 
in the best of circumstances (e.g., customers ordering ex- 
actly according to forecast) , seemingly rational operational 
policies can lead to end-of-life inventory. The situation only 
gets more complex as greater uncertainty is introduced. 

Experience with using the Simple Model suggests two direc- 
tions for future research in enterprise modeling and simula- 
tion. The first is to expand the scope of the Simple Model to 
more completely represent the functions and organizations 
and their interactions in the enterprise. The second is to 
improve the process by which the data generated by the 
simulation models can be understood and summarized, and 
the resulting information presented in a form that permits 
decision makers to understand more completely and to act 
more rapidly and with greater assurance that the desired 
objectives will be achieved. 
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Appendix I: Mathematics of Production and Material Planning for the Simple Model 



1-1 The Planning Function 

The planning function is actually an analytic model embedded within a discrete • 
event simulation model. The fundamental principle on which the production and 
materialplanning algorithms are based is the conservation of mass, that is. con- 
sumption cannot be higher than the total supply available. The order in which the 
build plan computation is done is the reverse of the order in which subassemblies 
are built and products are shipped (i.e., from shipment to product build to part 
order). For ease of explanation, the current week is considered to be week 0. This 
derivation emphasizes clarity of explanation rather than rigorous detail. 

There are three sets of decision variables to be determined for each week: s(t), the 
shipment plan, b(t), the build plan, and n^(t), the material ordering plan. These are 
shown in italics. 

Before we get into the mathematical formulation, let us first look at the process of 

computation. Fig. 1 illustrates how the production and material planning algorithms 

work in this mode!. The computational process is described in the following order: 

I-2 describes the notation shown in Fig. 1 . 

1-3 describes the safety stock computation. 

1-4 describes the initial conditions for computation. 

1-5 describes the computation of the shipment plan, 

1-6 describes the computation of the build plan. 



• 1-7 describes computation of the number of units started this week. 

• 1-8 describes the computation of the material consumption and material ordering 
plans. 

• 1-9 describes the actual material ordered this week. 

• 1-10 describes the computation of the number of weeks for each of the plans. 

1-2 Notation 

• n, s, t = indexes for week number (current week = 0) 

• f(t) = Current forecast of product orders for week 1 1 = 0. 1 N f 

• F(t) = FGI at end of week t 

• W(t) = WIPat end of week t 

• B(t) = Backlog units at end of week t 

• Bfcs) = Backlog units at end of week t having shipment dates in week s 

• s(t) = Planned shipments during week t 

• b(t) = Units planned to be started during week t 

• B = Build time in number of weeks 

• Y = Quoted availability in number of weeks 

• S = Shipment or transit time 

• j = Index relating to part 

• Qj = Quantity of part j per unit of product 

• qj(t) = Planned consumption of part j during week t 



Customers 



Forecasts 



orders]?;, : ; j'-mfo:-: 




»Nr _Backlog 
» B(-1) 



RjM> 

Note: Subscript J indicates VJeJ 



This Week's Build 



Fig. 1. Notation and production/material 
planning. The shipment plan is computed from 
the backlog, forecasts, quoted availability, and 
transit time. The build plan is computed from 
the shipment plan, the build time, WIP, FGI, 
and FGI safety stock. The actual build is com- 
puted from the build plan and the material 
availability The material consumption plan is 
computed from the build plan and the bill of 
materials. The material ordering plan is com- 
puted from RPI, RPI safety stock, the material 
consumption plan, on-order material, and lead 
time. 
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• nj(t) = Planned quantity of material j to be ordered during week 1. 1 = 0, 1 Nj, 

• Rj(t) = RPl of part j at the end of week t 

• rj(t) = Units of part j received during week t 

• Oj(t) = Units of partj on order at the end of week t 

• Lj = Vendor lead ti me for partj 

• J - Set of parts that go into the product 

• w = FGI safety stock in weeks of demand 

• Vj = RPl safety stock of partj in weeks of demand 

• N s = Last week for computing shipment plan 

• Nb = Last week for computing build plan 

• N f - Last week used for forecasts 

• Nj = Last week for computing material order for part j. 

Since the current week is 0, the values of these variables represent actual values 
for weeks before 0. and the values are computed, set or derived for weeks 0 and 
later. In particular, the values of variables at the end of week -1 represent the 
current values of those variables, as described in I-4. All numerical quantities 
except time indexes are zero or positive. 

1-3 Safety Stock Computation 

Safety stock is expressed in number of weeks of 1 3-week leading average forecast. 
The 13-week leading average forecast at the end of week t is defined as: 



d) 



The target FGI safety stock at the end of week t is w weeks and the target RPl 
safety stock at the end of week t for partj is Vj weeks. The expressions for these 
quantities are: 



F(t) = wn» 



(2) 
(3) 



M Initial Conditions 

• F(-1) = Actual FGI at the end of the previous week, that is, current FGI 

• W(-1) = Actual WIP at the end of the previous week, that is, current WIP 

• Oj{— 1) = Actual partj on order at the end of the previous week, that is, current 
on-order material 

• Rj(-1) = Actual RPl for partj at the end of the previous week, that is, current RPl 
for partj. 

• B(-1) = Order backlog in units at the end of the previous week, that is. current 
backlog: 

B(-1)= £ B(-1.s) (4) 
sGfall shipment dates in current backlog) 

• B(-1 ,s) = Component of current backlog with shipment date in week s. 
1-5 Shipment Plan 

The shipment plan indicates prospective shipments during the current and future 
weeks. It is computed on the assumption that customer orders are not shipped 
before they are due, but are shipped in time to satisfy the quoted availability 
requirements. This implies that for any week, the orders planned to be shipped are 
those that are already late (i.e., should have been shipped in an earlier week) and 
those that must be shipped to be delivered on time. Notice that in computing the 
shipping plan, we do not take into account the amount of inventory on hand or in 
process. This is representative of the way shipment plans are computed and then 
subsequently checked against reality. 

Put another way, this can be expressed as planning to ship the minimum quantity 
in each week that will satisfy the quoted availability criteria. The problem can be 
formulated as shown in the set of equations below, which indicate that we are 
attempting to minimize shipments in the current week, current plus next week, 
current plus next 2 weeks, and so on such that the total shipments in those weeks 
is greater than the current existing backlog whose shipment date is already past 
or in those weeks, plus the forecasted orders whose desired shipment dates lie in 
those weeks. 



Minimize sfal,n = 0.1 N s 

n n-(Y-Sj 
such that ]T s(t)z ]T B(-1.t)+ ^ f(t) 
t=0 te(l|isn) t=0 

andsfoJsO. 

These equations define a series of (N s + 1) linear programming problems. However, 
this formulation will always return a set of feasible solutions, and the optimal 
feasible solutions can be expressed in closed form as follows: 



s(n) =< 



^ B (~ 1 ' s ) for n = 0 
se(l|i<r0) . 

B(-1,n) forO<n<Y-S 

f(n - (Y - S)) for n s Y — S. 



(5) 



The term (Y - S) is the difference between the quoted availability and the transit 
time (i.e.. the order-to-ship time to achieve on-time delivery), and indicates the 
time in the future after which shipments depend solely on forecasts. 

1-6 Build Plan 

The build plan, which indicates how many units are to be started in the current 
week 0 and succeeding weeks, is based on the assumption that the FGI levels at 

the end of weeks 0.1 B-1 have already been determined by the current FG, 

WIP, and shipments preceding week 0. It further assumes that we might be able to 
control FGI at the end of week B or later by deciding how many units we start this 
week and future weeks, that is, by controlling b(0),b(1),....b(ri). We want to keep 
the b(n)as low as possible but greater than or equal to 0. such that the total planned 
build during weeks 0 through n must be greater than or equal to shipments during 
weeks 0 through B-hi plus FGI at the end of week B+n minus current FGI and WIR 
The complete formulation is as follows: 

Minimize/^, n = 0.1 N(, 

n B+n 

sutfithat Y W fe 2 sW + F(B + n) — F(-1) - W(-1) 

t=0. t=0 

andtytySiO. 

Again, the above is a series of (Nb+1) linear programming problems, with optimal 
feasible solutions that are expressed in closed form as follows: 



bin) 



(6) 



{B + n n-1 1 

0. F(B + n) + s ® ~ F t _1 ) ™ W (~ 1 > ~ Z b ® \ 
t=0 t=0 J 

forn = 0, 1 N b . 

To summarize the above, the current build plan should look as follows: 

Week: 0 1 2 ... n 

Planned Build: b(0) b(1) b(2) ... b(n). 



1-7 Actual Units Started 

The actual units started this week, bo, will be b(0) if there is sufficient material. If * 
there is insufficient material the actual units started is the maximum possible with 
the available material, or: 

Maximize bo 

such that Qjbo <;Rj(-1) + r/O). Vje J 
andO<£bo<stf0Jt 

for which the closed form solution is: 



f /Rj(-D + rj(0)\ 



(7) 
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1-8 Materia} Requirement Analysis 

If the lead time for a part j is Lj weeks, the RPI level for part j at the end of weeks 
0.1. ... Lj-1 has been determined by material on hand, material on order, and 
projected use. We cou Id control RR for part j at the end of week Lj or later by 
deciding how much of part j we order in this week and subsequent weeks. The 
estimated material consumption during a week is the quantity of the material for 
the build for that week, that is: 

qj(t) = Qj/# (8) 

The material ordered during weeks 0 through n must be greater than or equal to the 
material consumed during weeks 0 through Lj+n plus the desired safety stock at 
the end of week Lj+n minus the current on-hand material and the current on-order 
material. This can be expressed mathematically as follows: 

Minimize rq(n),n = 0.1 NjJeJ 



suchthat £ m/t) * £ qjt) + Rjf Lj 4- nj - Rj(— 1) - 0j(— 1) 
t=o t=o 

and mJnj^O. 

After substituting equation 8, this becomes a series of linear programming 
formulations for which the closed form solution is: 



mjn) - max< 



(L J+ » 
Q|£ W+Rj(Lj + n)-Rj(-l) 
l -° -, \ 

-Oj(-D - X m M 



0) 



forn = 0, 1 NjJeJ. 

The current material ordering plan is shown by the following table. 









Week 






0 


1 


2 


n 


Material 1 




mm 




mj(n) 


Material 2 




rrbfl) 






Materialj 











1-9 Actual Material Ordered 

Given the table above, the actual material ordered in this week must be rq(0), 
VjeJ. 



MO Determination of the Required Number of Weeks 

Since we want to compute the material procurement plan for materialj for periods 
0 through Nj, we need to make sure we have values of the forecasts, shipment 
plan, and build plan far enough in the future to allow us to do so. This section 
shows how many periods of those plans we need to compute. 

In 10 through 16 below, "njfty requires x(n) H should be read as, "Computing rq(n) 

requires values of x(0), x(1) x(n}." Thus 10 should be read as. "Computing 

nj(NJ requires the values of Rj(0). §(1), .... %*ty n 

From 9. 



rq(Nj) requires Rj(Lj + Nj) 

and nj(Nj) requires b(Lj + Nj). 
From 10. 3, andl, 

nj(Nj) requires f(Lj + Nj + 1 3), 
From 11 and 6, 

nj/AJ;/ requires F(B + Lj + Nj) 

and rq(Nj) requires s(B + Lj + tj). 
From13, 2, andl, 

rrjjty) requires f(B + Lj + Nj + 13). 
From 14. 5, andl, 

mj(Nj) requires f(B + Lj + Nj - (Y - S)). 
Computation of Nb. From 11, 

N b = max{Lj + Nj}. 

Computation of N s . From 14, 

- N s = max|B + Lj + Nj}. 

Computation of Nf. From 12, 15, and 16, 



N f = max-< 



Lj + Nj + 13 
B + Lj + Nj + 13 
B + Lj + Nj ■ 



(10) 
(11) 

(12) 

(13) 
(14) 

(15) 

(16) 

(17) 
(18) 

(19) 



(Y-S) 

Since B s 0, (Y - S) s 0, the middle expression dominates, and 19 reduces to: 
N f = max{B + Lj + Nj + 13}. (20) 



Appendix II: Weekly Event Sequence 



In the following table, periodically scheduled events are shown in sequence. 
Event Time 



Monday 1:00 
Monday 8:00 

Monday 9:00 
Monday 10:00 
Monday 10:00:01 
Monday 10:30 
Friday 16:30 
Friday 23:58 



Event Frequency 

Weekly 
Weekly 

Weekly 
Weekly 
Weekly 
Weekly 
Weekly 
Weekly 



Initiators Event Description 

Customers Generate and send orders; these orders are received by the Adder factory at 9:30:00 the same day. 

Factory Completes computing FGI safety stock for future weeks. Completes computing shipment plan and 
build plans. 

Factory Completes computing material requirements plan. Completes computing material procurements plan. 

Factory Generates current week's material orders. Material orders arrive at the vendors instantaneously. 

Vendors Finish filling and shipping orders due this week. Shipments arrive at the factory instantaneously, 

Factory Begins current week's production. Completes production started two weeks ago. 

Factory Completes filling and shipping orders for the week. 

Simulation Executive Records values of all the state variables. 
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Appendix III: Details of Part Commonality Experiments 



The following table shows the definitions used to describe part commonality. MC 
stands for material cost, with uppercase denoting dollar values and lowercase 
denoting percentage values, m represents the set of material. 



Set of Value of 
Material Material 



Common to products 
i and i-1 

Unique to product i 



Common to products 
i and i+1 



MC,, 



MCm 



mc U-i 



mc M ' 



Percentage 
Value 

MCij-t 



MC, 

MC„ 



x 100 



Hi 



MC. 



MC, 
MCi i 



mc M+1 = 



MC, 



x 100 



■x 100 



Commonality occurs only between adjacent products. This implies that a part can 
be used in at most two products. 

Each of the MCy is further broken up into class A, B. and C parts with relative val- 
ues 50. 30, and 20 percent. Each of these classes is made up of 6. 10. and 14 week 
lead times with relative values 25. 40, and 35 percent. (See Table I on page 83.) 

At the end of the product i life cycle, obsolete inventory (if any) should come only 
from parts in sets m\ \ and m\ n. Any leftover parts from nijj+i can be used in 
product i+1. This implies that mc } n and mq j impact the obsolete inventory at the 
end of the product life cycle for product i. 

The values shown in the following table should be derived from the real bill of 
materials. For our experiments, we reverse the process, that is. we generate a bill 
of materials from the table, which was generated heuristically from the experi- 
mental scenarios, with the following constraints on the values of mc: 



■ For each i and j, mq j must be greater than or equal to 0 and less than or equal to 
100. 

» For each i, the sum of mqj over all j must be 100. 

• In each experiment, if any mq t j+i is' zero, then mcj + ij must also be zero. 

Description of Experimental Scenarios 

Run M-0: no part commonal ity at all between adjacent products. 

Run M-1: 20% part commonality between adjacent products. The parts common 
to products i and i+1 make up 20% of the part values of both products. This may 
happen by a reduction in either part quantity or part cost, but the reason is not 
reflected in the dollar value of leftover inventory or material. 

Run M-2: 20% part commonality when moving to a new product. The parts com- 
mon to products i -1 and i make up 20% of the part value of product i; the rest of 
the value of product i is split equally between the parts unique to product i and 
those common to products i and i+1 . Since product Adder-1 has no prior product 
the value is split equally between unique parts and parts common to Adder-1 and 
Adder-2. 20% of the value of Adder-2 is made up of parts common to Adder-1 and 
Adder-2; the remaining 80% is split equally between unique parts and parts com- 
mon to Adder-2 and Adder-3. 20% of the value of product Adder-4 is made up of 
parts common to Adder-3 and Adder-4; the balance of the value is unique parts 
since there are no succeeding products. 

Run M-3: 50% and 25% part commonality between alternate products. There is 
50% part commonality between products Adder-1 and Adder-2 and between 
Adder-3 and Adder-4; there is 25% part commonality between Adder-2 and 
Adder-3. 

Run M-4: 50% part commonality between adjacent products; no unique parts in 
Adder-2 and Adder-3; 50% unique parts in Adder-1 and Adder-4. 



Run M-5: 80% part commonality between succeeding products. 
Part Commonality Data (%) for Multiple Product Crossover 
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Appendix IV: Details of Explanations for Experiments 0 and la 



IV- 1 Estimated Financial Impact Based on Theoretical Considerations for 
Experiment 0 

The impact of product Adder on the financial situation of the enterprise, as 
explained on page 89. is: 
» Total PCFT = $7,800,000 

* Mature volume = MV = mature PCFT = $800,000/month or $200,000/week 

• Consignment inventory = $300,000. 

IV-2 Mature Demand Week Considerations for Experiment 0 
RPI Material to Support Mature Demand 
Class A Class B Class C 

50% 



All Classes 

100% 

$200k 



CD Percentage of Part 50% 30% 20% 
Value in ftoduct 

© Weekly Use during $100k $60k $40k 
Mature Demand 
<£>xMV 

<3> RPI Safety Stock in 4 8 16 N/A 

Weeks 

@ RPIin$:®xMV $400k $480k $640k $1520k 

(5) RPI in Weeks of MV 2 2.4 3.2 7.6 

<3>+MV 



On -Order Material to Support Mature Demand 

© Lead Time 6 weeks 10 weeks 14 weeks All Parts 

CD Percentage of Part 25% 40% 35% 100% 
Value in Product 

® Weekly Order during $50k $G0k $70k $200k 
Mature Demand 
@xMV 

3> Amount on Order = $300k $800k $980k $2080k 
Weekly Order x Lead 
Time:®x<D 

<5> Percent Value of Part 14.4% 38.5% 47.1% 100% 
on Order ®+$2080k 

<S> On-order Material in 1.5 4.0 4.9 10.4 

Weeks of MV 
<3)+MV 



Total Inventory Metrics during Mature Demand 

Weeks of Dollars 
Mature Demand 





RPI 


7.6 


$1520k 


® 


WIP 


2.0 


$400k 




FGI 


2.0 


$400k 




On-Hand Inventory: CD + © + ® 


11.6 


$2320k 




On-Order Material 


10.4 


$2080* 


© 


Committed Inventory; <§) + © 


22.0 


$4400k 




Consignment Inventory 


1.5 


$300k 


© 


Total Committed Inventory: © + 0 


23.5 


$4700k 



IV-3 End-of-Life Considerations for Experiment 0 

Total PCFT = $7,800,000. Net profit = $78,000(i/100), where i is the profit as a 
percent of PCFT. 

The following table summarizes the impact on the profitability of various margins i. 
Write-Off as a Function of Profit on Shipped Units 



(D Profit Margin t 

© Profit from Trade Units 
$7.8Mx(D 

© Leftover Material 

(3) Leftover Material as % of Net 
Profit: © + @ 

© Consignment 

© Consignment as % of Net Profit 
© + @ 

© Total EOL Material as % of Net 
Profit: (© + ©) + © 



5% 
$390k 



10% 
$780k 



20% 30% 
$1560k $2340k 



$64,615 
16.57% 8.28% 4.14% 



2.76% 



$300,000 

76.92% 38.46% 19.23% 12.82% 
93.49% * 46.75% 23.37% 15.58% 



The following table shows the impact on Class C EOL material of reducing safety 
stock levels. These results were computed using means other than simulation. 



Weeks of Class C Safety Stock 

16 weeks 
15 weeks 
14 weeks 
13 weeks 



Class C EOL Material 

$64,615 
$35,385 
$13,846 
$0 



IV-4 Why There Is Class C material Left Over for Experiment 0 

The last period in which we expect to receive orders is week 68, The end of week 
55 is 1 3 weeks before the end of the product life cycle. From the Adder order fore- 
cast in Fig. 2 on page 83 and the target RPI safety stock for class C material being 
16 weeks of the 1 3-week leading average forecast (Table lb on page 83), at the end 
of week 55 the amount of class C material in RPI should theoretically be 16/13 of 
the total demand to the end of life, or (16/13) x(1% x V) = (28/13) xV units, 
where V = 80. 

In week 56, we need to start building the units for orders received in week 55. 
Ignoring the current FGI. the maximum new build from week 56 to the the end of life 
is equal to the demand from week 55 through the end of life, that is, 2V. Thus, at the 
end of week 55, there is more class C material on hand— enough to build (28/13) 
x V units— than needed for the demand to the the end of the product life cycle. 

Remember that we did not consider units in FGI. If we want to reduce FGI units 
down to 0 by the end of the product life cycle, the total new build must be less than 
that computed above, and hence there will be even more class C material left over. 

In summary, one reason for the leftover class C material is that the safety stock 
computation requires holding more class C raw material in RP1 13 weeks before 
the end of life than can be consumed by orders received in the last 14 weeks of 
the product life cycle. 

IV-5 Why Orders Cannot Be More than 14 Weeks Late for Experiment 1a 

Assume that an order comes in during week x. In the worst case we have not yet 
ordered any material for the unit that goes with this order. The earliest the material 
can be ordered is week x+1 , and the longest lead time part wil I be delivered during 
week (x+1)+14. which is week x+15. Since build time is 2 weeks, the unit is ready 
in week x+1 7. Since transit time is 1 week, the unit is delivered to the customer in 
week x+1 8. Since the quoted availability is 4 weeks, on-time delivery means the 
customer should receive it in week x+4. This means that the lateness is 14 weeks. 
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DETERMINATION OF NEAR OPTIMAL STOCK LEVELS FOR 
MULTI-ECHELON DISTRIBUTION INVENTORIES 

by 

James M. Masters 

Ohio State University 

Managers are under increasing pressure to reduce inventories at all levels. Lower 
inventory investment can lead to higher asset productivity and to greater return 
on investment, and so managers are searching for ways to reduce or eliminate 
stock. In a recent study of Fortune 500 firms in the chemical, electronic, food, 
and pharmaceutical industries, Loar has reported that average inventory holdings 
across these four groups declined from 23% in the food industry to 37% in the 
chemical industry over the period from 1970 to 1987. 1 The apparent success of 
the "Just in Time" approach to inventory control in the production environment 
has sent management looking for ways to make similar dramatic reductions in 
post-production distribution inventories. Firms have developed "Quick Response" 
and "Direct Store Delivery" systems 2 to send frequent, small replenishment shipments 
to retail locations in an attempt to emulate the Just-in-Time approach in a retail 
setting. Some very impressive results have been reported for Quick Response systems. 
For example, a clothing manufacturer reported sales growth of 64% to 129% over 
a three-year period as a result of implementing a quick response inventory approach 
that greatly increased item availability at retail stockage points. 3 However, the 
inventory theoretic basis for these systems has not been well developed. How much 
total inventory is required in such a system? How should this quantity be allocated 
across locations? What is the appropriate trade-off between reduction in inventory 
and the increase in transportation costs which may result? How should these decisions 
be made? 

Several factors increase the complexity of this apparently straightforward 
problem. Many retail inventory systems involve hundreds, if not thousands, of 
individual items; an inventory decision must be reached for each item. In addition, 
most retail systems are multi-echelon in nature; that is, inventory is maintained 
at different levels within the system. For example, a retail store operation might 
involve a central warehouse that would order and receive property in bulk shipments 
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from its suppliers. The warehouse would send smaller quantities to each individual 
store to support sales. Stockage decisions must be made both at the store and at 
the warehouse level. Stockouts at the stores would typically lead to lost sales, 
while stockouts at the warehouse would lead to backorders to the stores. These 
backorders, in turn, might lead to stockouts and lost sales at the stores. A diagram 
of such a system is included as Figure 1. The optimal allocation of, inventory 
investment across items, locations, and echelons is far from obvious in such a 
situation. Another important consideration is the effect of the inventory system 
on transportation costs. Movement towards a system involving many, small, frequent 
replenishment shipments might increase transportation costs dramatically. In a 
common carriage situation, small shipments would typically move at much higher 
rates than the large shipments they would replace. In a private carriage operation, 
frequent replenishment might lead to a much larger number of vehicle movements, 
and hence to greater total transportation costs. 

FIGURE 1 



A MULTI-ECHELON INVENTORY SYSTEM 



VENDOR 



STORE 1 



STORE 2 



STORE 1 



CUSTOMERS 



CUSTOMERS 



CUSTOMERS 
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This paper details the development of an analytic stockage model that determines 
the near optimal amount and distribution of stockage in a multi-item, multi-location, 
multi-echelon retail inventory/distribution system. The distribution environment 
includes items with high value and relatively low levels of stochastic demand, lost 
sales at the store level, backorders at the warehouse level, and one-for-one resupply 
logic. The analysis explicitly considers trade-offs between inventory holding costs, 
lost sale costs, and transportation costs. 

Many different kinds of products would be good candidates for this form of 
inventory control. In men's clothing such as dress shirts and trousers, style, fabric, 
color, and size combinations result in a very large number of individual stock keeping 
units. A specific item— for example, a dress shirt in solid blue 100% cotton oxford 
cloth with button down collar, 15 inch neck, and 33 inch sleeve— might have total 
sales of no more than one or two per day at a given store. Similarly, auto parts 
stores must maintain a wide array of parts because of the proliferation of automobile 
make/model/year combinations that must be served. Even in a relatively high usage 
component such as car batteries, a typical store will sell no more than a handful 
of a specific SKU on any given day. Another example might be compact discs 
sold in music stores; at any given time only a handful of current releases are selling 
in large volume, while thousands of other SKUs sell at a rate of two or three 
per month per store. Many other such situations exist where retailers must maintain 
a broad range of individual items with low daily sales rates. 

The remainder of the paper is organized as follows. Section 1 is a brief review 
of the inventory control literature which forms the theoretic basis for the model 
developed here. Section 2 is a more detailed discussion of Palm s theorem, which 
is the queueing theorem that lies at the heart of the model. Readers who are familiar 
with PalnTs theorem can omit this section without loss of continuity. Section 3 
contains the development of the model, while Section 4 describes the procedures 
that have been developed to solve the model; that is, to develop specific numerical 
solutions. Section 5 includes a discussion of validation issues. Section 6 includes 
a discussion of implementation issues as well as suggested areas for further 
development and study. 
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LITERATURE REVIEW 

Much inventory modeling in the distribution environment is in the tradition 
of economic lot sizing and statistical reorder point theory as has been described 
by Hadley and Whitin, 4 who recognized the pervasive presence of multi-echelon 
inventory systems throughout the business world and yet recommended the adoption 
of single location, single echelon models because of the complexity and intractability 
of the multi-echelon problem. Later work by Schwarz 3 and many others 6 has produced 
a large set of models that generally seek to identify optimal lot sizes and safety 
stocks in a multi-echelon framework. In addition, simulation models have been 
developed to describe the performance of multi-echelon inventory systems. 7 These 
simulations can capture the complex interactions of the multi-echelon problem, and 
can compare the performance of various inventory scenarios, but do not generate 
optimal inventory policies. These models are not well suited to the Quick Response 
retail environment because they tend to focus on large lot sizes with infrequent 
replenishment and they usually treat demand during stockout as backorders. In a 
Quick Response environment, no fixed lot size is imposed and stock is simply 
replenished in reaction to sales. 

For over ten years, interest has grown in the practice of Distribution Resource 
Planning (DRP), as described by Whybark 8 and developed by Martin. 9 This technique 
applies the approach of Material Requirements Planning 10 to the problem of 
distribution inventories; that is, the inventory problem is addressed as a deterministic 
scheduling problem. In this basic framework, large order quantities are established, 
and no attempt is made to optimize formally the behavior of the inventory system. 
Attention is directed to the planning and scheduling of inventory network flow, 
while lot sizing and safety stock level determinations are considered secondary 
issues. Just as lot-sizing heuristics and the effects of uncertainty have been 
incorporated in MRP, H more recent studies 12 have involved the incorporation of 
lot-sizing logic in DRP. In practice, DRP generally involves high volume items 
and large lot sizes. In the same sense that Just-In-Time inventory systems can be 
thought of as MRP systems where the planning interval, or "time bucket," has 
been compressed from weeks to hours, Quick Response can be thought of as a 
kind of DRP system where the planning interval is on the order of a single day 
and no minimum shipment size is imposed. Unfortunately, DRP is not well suited 
to deal with the inherently stochastic nature of this situation. 
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The model developed in Section 4 attacks a retail inventory problem by adapting 
and applying modeling techniques that have evolved over a considerable period 
of time but which have not yet been applied to retail problems. Feeney and 
Sherbrooke 13 established a basic model of item stockage with one-for-one 
replenishment based on a queueing theorem attributed to G Palm 14 and developed 
performance measures for the backorder and lost sales cases that are outlined in 
Section 4. This modeling approach has been extensively developed and applied 
in the context of spare parts stockage for military aircraft In this context, only 
the backorder situation was relevant Subsequent development of the basic model 
was triggered by Sherbrooke, 15 who developed METRIC (Multi Echelon Technique 
for Recoverable Item Control). This model established die procedure of linking 
upper-echelon warehouse stockage to lower-echelon inventory performance through 
the mechanism of expected warehouse delay time. Further development included 
explicit modeling of sub-component relationships by Muckstadt 16 and extension 
to the case of time-dynamic solutions by Hi Nested, 17 Theoretic work in this (s-l,s) 
paradigm continues to the present 18 

PALM'S THEOREM AND INVENTORY CONTROL 

An analytic approach to modeling inventory systems with one-for-one 
replacement can be based on a theorem published in 1943 by C. Palm. This theorem 
was first used in a queueing system context to describe the expected number of 
telephone calls that would be going on at the same time, and hence, to establish 
the number of trunk lines that would be needed. Since that time the theorem was 
seen to have a more general utility, particularly when applied to inventory situations. 

Simply put the theorem is as follows: in a queueing system where: 

1. Arrivals occur as a Poisson process with a mean of K and 

2. Service times are independent of the arrival process and are described 
by any stationary stochastic process with a mean of T, and 

3. A sufficient number of servers exist so that all servers are never busy 
simultaneously; the number in die system at any point in time is a 
Poisson distributed random variable with a mean of Xx. 

The proof of this theorem follows from the notion mat if a Poisson process 
is randomly censored, then the censored process is also Poisson. 
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As an illustration of the basic idea, consider a simple example of pedestrians 
crossing a bridge. Suppose that people arrive at a bridge randomly at a rate of 
2 per minute (X = 2/minute), and that this arrival process is accurately described 
by a Poisson distribution. Each walker immediately begins to cross the bridge; 
that is, the bridge is sufficiently wide so that no one must wait to begin crossing. 
Each person proceeds at his or her own chosen speed, and the average speed of 
all walkers is such that the average crossing time is 5 minutes (x = 5 minutes). 
It follows from Palm's theorem that the average number of people on the bridge 
at any given time is 10 (2/minutes x 5 minutes), and that the probability that exactly 
N people are on the bridge at any given time is the probability that X=N in a 
Poisson distribution with a mean of 10. 

This theorem can be directly applied to an inventory system with one-for-one 
replenishment and backordering of demand during stockouts by considering the 
demand process as the arrival process and treating the stock replenishment process 
as the service process. For example, if demand occurred according to a Poisson 
process at a rate of 2 units per day, and each demand resulted in an immediate 
reorder with an average replenishment time of 5 days, then by Palm's theorem 
the number of units in replenishment is Poisson distributed with a mean of 10; 
that is. Palm's theorem provides the exact distribution of the random variable, the 
quantity in replenishment Given information about the initial stockage of the system, 
it is now possible to describe the performance of the inventory system in terms 
of item availability and expected backorders. To continue the current example, 
suppose 15 units of stock were initially provided. Given one-for-one replenishment, 
it follows that the total number of units on hand and on order will always equal 
15. The quantity on hand, however, will be a random variable with values from 
0 to 15. The probability that exactly 5 units, say, will be in stock at any given 
time is the probability that exactly 10 units are in replenishment Thus Palm's 
theorem can be used to describe the distribution of on hand stock. Similarly, 4 
units will be on backorder if and only if exactly 19 units happen to be in replenishment; 
thus Palm's theorem can be used to describe the backorder distribution as well. 
Similar procedures can be used to describe the performance of inventory systems 
where demand is lost rather than backordered during stockouts. 
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MODEL DEVELOPMENT 

The basic approach of the model presented in this section is to formulate and 
solve the inventory allocation problem as a nonlinear mathematical program. 
Customer demands and system resupply times are treated as random variables* and 
inventory system performance is calculated on an expected value basis. 

Measures of Inventory System Performance 

Assume that the customer demand per unit time for an item at a store is a 
discrete random variable from a stationary Poisson process. Then let: 

X = the demand rate of the item; 

x = the average resupply time to the store; the mean of an arbitrary, 

stationary, independent stochastic process; 
q = the authorized inventory quantity; and 
n = a random variable; the quantity in resupply; that is, the total 
replenishment quantity on order by the store. 
Given that demand is independent of the resupply rime and that inventory is 
reordered on a one-for-one basis as it is used, it has been shown by Feeney 
and Sherbrooke 19 that, by applying Palm's Theorem, the probability that a 
given quantity of n units is in resupply in the backorder case is: 

P[n I X,x] = ; n=0,l,...~ (1) 

n! 

and is in the lost sales case: 
e- x W 

k^o - kl — 

and: 



P[n I X.r] = 0 ; n>q 



(3) 
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Note that the quantity in replenishment or resupply is based on a random variable 
from a Poisson distribution with a mean of A*, and that this result is generally 
true without regard to the specific probability distribution which describes the 
resupply times. The exact probability distribution described in equations (1), (2), 
and (3) can be used to develop measures of the steady state behavior or performance 
of these inventory systems. 20 In a system where customer demands which occur 
during periods of inventory stockout are backordered, the expected backorder quantity 
would be: 



E[B] = 1 (n-q) e 



This quantity represents the expected number of backorders outstanding at any 
random point in time. In a system where an item experiences lost sales rather 
than backorders, the fraction of item demand per unit time that is not lost, or 
the item fill rate, would be: 



F = 



k^O 



klo k! 



?w :q>0 



(5) 



Therefore the expected lost sales per unit time could be expressed as: 

E[L] = X(1.0-F) (6) 

Feeney and Sherbrooke were also able to show that these results can be generalized 
to the case where the demand distribution is any compound Poisson distribution. 
This provides a much richer variety of distributions that can be used to model 
actual customer demand. 

Since the use of a Poisson or compound Poisson distribution to represent 
customer demand is crucial to the development of the model, this assumption should 
be examined in any practical application to insure that the assumption is reasonable, 
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that is, that empirically collected demand data would be well described by such 
a distribution. In general, the Poisson is a reasonable choice for a demand distribution 
in the case where a relatively large number of customers all have an equal but 
small probability of purchasing an item at a given store during a given time interval 
and all customers act independently. In such a case the number of demands per 
time interval is a random variable with a binomial distribution. If the number of 
customers is large, and the probability associated with each customer is small, then 
the Poisson is an excellent approximation for this binomial distribution. The Poisson 
is also an excellent approximation even if all of the customer's purchase probabilities 
are not exactly equal, that is, even if some customers are more likely to purchase 
than others. 21 Poisson distributions are characterized by variance to mean ratios 
of 1 .0; that is, the variance is equal to the mean. In practice, some demand distributions 
display more variance than this. The family of compound Poisson distributions, 
which includes, for example, the Negative Binomial distribution, can be used to 
describe the demand distribution in these cases. A compound Poisson process would 
naturally arise, for example, if customers arrive as a simple Poisson process and 
the number of units each customer purchases is a random variable. Thus a Poisson 
or compound Poisson distribution is a reasonable model for customer demand in 
many situations, but in any specific application empirical demand data should be 
used to test the assumption. 

A Multi-echelon Model 

This single item, single location model can be expanded into a multi-echelon 
formulation that will conform to a retail stockage problem as follows. Suppose 
that an item is stocked at a single warehouse to resupply a number of individual 
store inventories that support sales of the item at the retail level. Demands that 
may occur at a store while that location is stocked out become lost sales without 
exception; no demand is transferred between stores. No property is transshipped 
between stores, and no expediting of replenishment orders is permitted. Stock 
replenishment orders placed by the stores on the warehouse are backordered during 
intervals when the warehouse is stocked out The warehouse itself reorders from 
a vendor and is resupplied, without backorder, after a random resupply time has 
elapsed Further, suppose that the item is reordered at all locations, including the 
warehouse, on a one-for-one basis as it is used. 
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Let: 






I 


= the 


total number of stores; 


\ 


= the 


demand rate at store i; 




= the 


mean resupply time from the warehouse to store 




= the 


stock quantity authorized at store i; 




= the 


item fill rate at store i; 




= the 


total demand rate at the warehouse; 




= the 


mean resupply time to the warehouse; and 


% 


= the 


stock quantity authorized at the warehouse. 



It follows that the total replenishment demand rate placed on the warehouse, Xq, 
will be: 

Then the expected backorders at the warehouse can be estimated per equation (4) 
as 

EIB^ = I Ovq^Ptn,,] I Vol »> 

n <f*lo 

Backorders at the warehouse do not in themselves necessarily reduce service levels 
at the stores; as long as some stock remains at each store, no sales will be lost. 
However, as backorders accumulate at the warehouse it becomes more likely that 
stockouts will occur at the stores. In order to model this relationship at the store 
level, we can add an expected waiting time to the store's normal resupply time. 
Logically, this waiting time will be related to the number of outstanding backorders. 
This is equivalent to saying that when a store places a replenishment demand upon 
the warehouse while backorders exist, this new demand will not be satisfied until 
all prior backorders have been satisfied, that is, until this new order has worked 
its way to the top of the waiting list A general rule of queueing theory known 
as Little's Law,.**L = A,W," states that the average number of entities in a system 
will equal the arrival rate times the waiting time. By recognizing that the expected 
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backordcr quantity, E[Bq], represents the average number of entities in a queueing 
system and mat Xq represents the arrival rate, we can use this rule to infer the 
system waiting time, or the average delay time due to backorders. That is, this 
backorder quantity implies that each store will observe an expected delay, or average 
waiting time due to backorders, in its resupply time which can be calculated as: 




(9) 



Adding this expected delay to the expected resupply time at each store leads to 
a modified expression for the mean of the random variable, the quantity in resupply 
to store i: 

Hi - A^+Wo) (10) 

Given this mean value, the item fill rate at store i can be estimated as in equation 
(5) as: 



F - = y ;qj> ° (ii> 

And thus the total lost sales (per unit time) across all stores can be calculated 
as: 



.Zj EILj] =.1^(1.0^) (12) 

Incorporating the mean warehouse backorder delay time as a component of the 
mean resupply time to the store directly ties the performance of the warehouse 
to the performance of the stores, but it also leads to the violation of an assumption 
of the model, namely, that the demand processes and the resupply processes are 
stochastically independent Thus the model formulation is only approximate, and 
model results must be tested to determine the accuracy of the approximation. 
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Inclusion of Multiple Items and Inventory Costs 

This multi-echelon model can be expanded to include investment trade-offs 
across a range of items by considering the holding costs and expected shortage 
costs associated with various stockage policies. The purpose of such a model is 
to determine the optimal range and depth of item stockage across items and locations. 

Let: 

J = The total number of items in the system; 

Cj = Cost of item j, in dollars per unit; 

Vj = Lost Sale Cost of item j, in dollars per unit; 

E[Ljj] = Expected Lost Sales at location i of item per unit time; 

H = Holding Cost Fraction, in dollars per dollar held per unit time; 

q.j = Stock Allocation of item j at location i. 

Given that there is no demand substitution between items when stockouts occur, 
then E[Ljj] can be computed independently for each item in the system. With known 
lost sale costs for, each item, the inventory allocation decision can be formulated 
as an unconstrained nonlinear optimization problem with integer valued decision 
variables. One would seek to minimize the sum of the expected lost sale costs 
and inventory holding costs per time period; 



J n 1 
Minimize: Z^^IL^JV.+HC^ J+HC^ (13). 

For simplicity, in this formulation holding costs are charged against all items on 
hand or on order. Given continuous review and one-for-one reordering, the total 
amount of stock on hand plus on order is a constant for any given stockage allocation. 
In the (frequently encountered) case where true lost sale costs are unknown, the 
inventory allocation decision can be formulated as a nonlinear optimization problem 
with a linear budget constraint One would seek to minimize the sum of the lost 
sales across all items, as modified by any appropriate importance weighting Wj, 
subject to a budget limit on total inventory investment, say B dollars: 
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(14) 



J I 



Subject locZ £<ft*B 



(15) 



In each case (that is, known or unknown lost sale costs) the problem formulation 
is separable with respect to the decision variables (the q^), and the objective function 
is nearly convex. As a result, optimal solutions to the model formulations can be 
derived using straightforward marginal analysis techniques 22 as described in Section 
5. 

Incorporation of Lot Siting at the Warehouse 

The model as described thus far is based on the policy that inventory is reordered 
on a one-for-one basis as it is sold at or sent to the stores. Thus the lot size is 
essentially predetermined, and the inventory stockage decision actually involves 
the amount and distribution of safety stocks in the system. This policy of one-for-one 
replenishment is common and is optimal at the store level for high value, low 
volume items. 23 However, it may be less realistic to assume that the warehouse, 
which assembles demand from all stores, would itself reorder one-for-one. A simple 
heuristic extension can be made to the model which allows the incorporation of 
a warehouse lot size as a model parameter. A more complete treatment might allow 
this lot size as a decision variable; in practice, however, lot sizes are often dictated 
by externalities such as vendor minimum order size policies. Given a predetermined 
lot size, say Iq, and a total stockage authorization of q^the warehouse would place 
a replenishment order for Iq units when the reorder point, r Q , is reached, where: 



In this situation the expected backorder quantity would be calculated as: 



r 0 = %' l o 



(16) 



EIBJ = I<i^oWV Vol 



"0=^0 



(17) 
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Unlike the case of one-for-one replenishment, this quantity is not the average number 
of outstanding backorders at a random point in time; rather, this is the expected 
number of outstanding backorders at the end of an order cycle. If the lot size 
is sufficiently large and the vendor resupply time is sufficiently brief, so that in 
general at most one replenishment order exists at any point in time, then we can 
approximate the average number of outstanding backorders at any point in time 
as the average number of backorders during the stockout interval, ElBJ/2, times 
the proportion of the cycle time that is the stockout interval, which can be expressed 
as EfB^/qQ (see Figure 2). Thus the expected delay time due to stockouts at the 
warehouse can be approximated as: 



W 0 - S_ (18) 



Using this value for W 0 in the basic model can therefore accommodate the situation 
where the warehouse reorders with a fixed lot size. The quality of this approximation 
is discussed in Section 5. 

Inclusion of Transportation Cost Trade-offs 

A more complete treatment of the decision would recognize that many 
transportation alternatives exist, so that faster or slower replenishment times could 
be selected, and that generally speaking, faster replenishment times are more 
expensive than slower replenishment times. All other things equal, reducing 
replenishment times will reduce the desired or optimal inventory stockage in the 
system, but at a cost The correct decision is to choose the replenishment speed 
and inventory level jointly so that the sum of the inventory holding, lost sale, 
and transportation costs are minimized. 

In terms of the model, mis means treating t } as a decision variable rather 
than as a parameter of the problem. In general, each x { could be individually varied 
by a manager by choice of carrier, air freight, overnight service, and so forth. 
Treating each store's mean replenishment time as a decision variable is conceptually 
possible, but it leads to a very unwieldy problem formulation. Amore^straightforward 
approach would be to determine a system-wide decision variable, x, which would 
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be the average replenishment time across all stores. Reducing the system 
replenishment time would result in an increase in T, the total transportation cost 
per time period. In general, the transportation cost T[t], is a monotonically decreasing 
function of the average replenishment time. Given that a choice of x leads to an 
unambiguous definition of each, t if inclusion of the transportation decision in the 
problem framework can be accomplished by modifying equation (13): 

J I 

Minimize: ! CI E^JVj+HC^p +HC j q pj +T[t] (19) 

FIGURE 2 

THE WAREHOUSE REPLENISHMENT CYCLE 
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SOLUTION PROCEDURES 

Numerical solution of this multi-item, multi-echelon problem will involve four 
steps: 

1. The determination of the system performance as defined in equation 
(12) for any given stockage allocation; that is, the system fill rate 
which will result from a given set of for a given item. 

2. The determination of the optimal distribution of a given quantity of 
stock of an item across the stockage locations; that is. for a given 
total quantity of an item, say Qj, the identification of the values of 
q-j which will: 

Minimize: X E[L ti ] (20) 
i=l J 

I 

Subject to: L q h = Q= (21) 
i=0 J J 

3. The allocation of stockage across items so as to minimize total costs, 
as in equation (13), or so as to minimize the weighted sum of lost 
sales subject to an investment constraint as in equations (14) and (15). 

4. Simultaneously determining the appropriate stockage allocation and 
mean resupply time so as to minimize the sum of inventory holding 
costs, lost sale costs, and transportation costs as in equation (19). 

Procedures to accomplish these four steps are as follows: 

Determination of System Performance 

In a typical "METRIC like" multi-echelon model, 24 shortages are backordered 
at all levels in the system. As a consequence, performance can be estimated with 
a simple recursion. Given an allocation of stock to the upper level, expected 
backorders at the upper level are calculated, and delay time is computed. This 
delay time is added to the resupply time at each lower level stocking point, and 
the system performance at the lower level is estimated. This procedure is appropriate 
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in a pure backorder system because the total demand placed on the upper level 
location is simply the sum of the demands observed at the lower level locations. 
Total demand is conserved, and no demands are ever lost In the model described 
above, however, this property is lost Demand at the warehouse, and hence the 
warehouse delay time, are functions of the fill rates at the stores, and the store 
fill rates are themselves functions of the warehouse delay time. We, therefore, use 
an iterative scheme to converge to a simultaneous solution for the fill rates and 
delay time implied by any allocation of as follows: 

1. Set an initial estimate of die warehouse demand rate to be the sum 
of the demand rates across the stores: 

2. Estimate warehouse backorders and delay time using this estimate of 
the warehouse demand rate in equations (8) and (9). 

3. Estimate the store till rates using these results in equations (10) and 
(11). 



H'S^ < 22) 

4. Recompute the warehouse demand rate using the fill rates from step 
3 in equation (7). 

5. Repeat steps 2 through 4 until 7^ converges. 

Computational experience has shown that this procedure typically converges within 
five to twenty iterations. However, in some situations this procedure will cycle 
indefinitely between two sets of estimates, each set returning the other. An alternative 
procedure that is somewhat slower, but has never failed to produce convergence 
in our experience, is to replace the old estimate of Xq not with the new estimate, 
but rather with the average of the old and the new estimate. A reasonable compromise 
between algorithm speed and certainty of convergence is achieved by using the 
first procedure (replacing die old estimate with the new estimate) for up to forty 
iterations, and then switching to the second procedure (averaging the old and new 
estimates). 
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Determination of the Optimal Distribution of Stock for an Item 

In most realistically sized problems there will be a very large number of unique 
allocations of a given amount of stock of an item across the locations that might 
be considered, as is demonstrated in Table 1. Enumeration and evaluation of each 
of these allocations would not be efficient or desirable. 

A simple approach to this problem is to perform an incremental analysis of 
the allocation decision. This seems plausible since the performance functions defined 
in (1) and (2) are convex with respect to an increase in stockage. Given that Qj 
assets have been allocated across I locations, an allocation of Q^+l assets can be 
found by considering and evaluating the I ways to augment the existing allocation 
by placing one additional asset at a location. The allocation that produces the best 
performance is selected as the correct allocation of Qj+I assets. By starting with 
Q. = 0, this procedure can allocate any number of assets, and it will generate 
all the intermediate solutions; that is, the suggested allocations for 0,l,2,...Qj assets. 
This is a useful feature since the correct value for Qj is not generally known in 
advance. In general, Qjl performance evaluations must be made to determine the 
allocation of Qj assets at I locations using this incremental approach. 

TABLE 1 



THE NUMBER OF POSSIBLE ALLOCATIONS OF 
Qj ASSETS ACROSS 10 AND 20 LOCATIONS 



Total Number 
of Assets [Qj] 


Allocations Across 
10 Locations 


Allocations Across 
20 Locations 


10 


9.237810 4 


2.003O10 7 


20 


1.0015-10 7 


6.8923M0 10 


30 


2.1192-10 8 


1.8852-10 1 * 


40 


2.0545-10 9 


1.3973-10 17 


50 


1.2566M0 10 


4.625310 17 


100 


4.2634-10 12 


4.9104- 10 23 



The simple approach described above is very fast, but it will not always generate 
the optimal allocation. Due to the interaction between echelons, situations exist 
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where the optimal allocation of Qj+1 assets does not consist of the optimal allocation 
of Qj assets with one more asset added at one location; rather, adding one asset 
to Qj permits a new optimal allocation which is considerably different from the 
prior optimal allocation. In practice, this situation will occur when stores have 
identical or nearly identical values of XjTj. A slightly more complicated marginal 
analysis that first partitions assets between the echelons will overcome this difficulty. 
There are Qj+1 ways to partition Qj assets between the warehouse and the stores 
(0 at the warehouse, Qj at the stores; 1 at the warehouse, Q^l at the stores; etc.). 
For each such partition, use the simple incremental approach to develop the allocation 
across the stores. Comparison of performance evaluations across the partitions will 
produce the optimal allocation. This technique will require more performance 
evaluations; in general: 

Number of Evaluations = I pLJ — ]+l (23) 

2 

As is shown in Table 2, this echelon partitioning approach can considerably increase 
the number of performance evaluations required. 



TABLE 2 

COMPARISON OF SEARCH HEURISTICS 



Number of Assets 


10 


10 


100 


100 


Number of Locations 


10 


20 


10 


20 


Number of Possible 
Allocations 


9.210 4 


2.0-10 7 


4.2-10 12 


4.9-10 23 


Evaluations with 
Incremental Allocation 


100 


200 


1,000 


2,000 


Evaluations with 
Echelon Partitioning 


560 


1,120 


50,510 


101,020 
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Optimal Inventory Budgets and Budget Allocations 

Given that we can determine the optimal distribution of any quantity of a 
given item across the stockage locations, the next step is to detennine the optimal 
level of inventory investment for the system as a whole, that is, the total quantity 
and deployment plan for each of the J items in the system. In the case where 
holding costs and lost sale costs are known, this consists of solving the unconstrained 
minimization problem given in (13). In the case where lost sale costs are not known, 
this consists of solving the constrained minimization problem given in equations 
(14) and (15). The constrained problem can be replaced with a generalized 
unconstrained Lagrange function: 25 



which is structurally equivalent to equation (13). Solutions to equation (24) are 
efficient and undominated solutions to the problem presented in (14) and (15). 
For every investment budget, B, there is a multiplier, 9 such that the solution to 
equation (24) is a stockage allocation such that no other allocation could provide 
a higher level of performance at an equal or lower total investment in inventory. 

Solving equation (24) requires finding the value of 9, which minimizes the 
weighted sum of lost sales without violating the budget constraint Note that 9 
can be interpreted as the implied benefit to cost ratio of the incremental unit of 
each item, where the benefit is the reduction in weighted lost sales provided by 
the last unit of stock. At an optimal solution, the marginal reduction in weighted 
lost sales per dollar of unit cost will be approximately equal across all J items 
in the system. A simple solution procedure is therefore as follows: 

1. For each item, for each total stock quantity Qj, calculate a marginal 
benefit to cost ratio, R^, as follows: 



J I 



J I 




(24) 



(25) 
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using the performance optimiring allocations of Qj as identified above. This value 
represents the improvement in the weighted sum of expected lost sales per dollar 
of investment which would occur if stockage of item j were increased from Qj 
toQj+L Continue to compute these ratios until the marginal improvement becomes 
arbitrarily close to zero. 

2. In a multi-echelon problem, it will sometimes occur that: 

"Rqm > Rqj (26) 

That is, occasionally the Qj+1 asset has a greater contribution to reduction in weighted 
lost sales than does the Qj unit In such cases, preserve the convexity of the list 
produced in step 1 by combining the contribution of the two assets, and calculate 
the benefit to cost ratio of the two asset increment: 

Rq, (27) 

Continue to combine asset increments until the list is convex; that is, until: 
Rq. < Rq^; for all Qj > Q'j (28) 



3. Merge the "lists** of R^s formed for each item in step 2 into a single, 
system-wide list, and sort the list in descending sequence. This list 
represents the order in which each asset increment will enter an optimal 
solution. 

4. Proceed to a solution by moving down die system list in sequence, 
adding each additional asset increment to the solution until the addition 
of the next increment would exceed the budget, that is, until equation 
(15) would be violated 

This so-called "shopping list** approach 26 reduces a complex, non-linear, integer 
programming problem to little more than a system sort In the case where lost 
sales costs and holding costs are known the solution procedure is very nearly the 
same. The W. values used to compute the values in equation equation (25) 
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in step 1, would be the lost sale costs, or Vj values. Step 4 would consist of 
moving down the list so long as including the asset increment would continue 
to reduce the value of the objective function defined in equation (13), and stopping 
when the next asset increment would cause an increase in these total system costs. 

Transportation Cost Trade-off Analysis 

Given that we can determine the appropriate total inventory and inventory 
allocation across items and locations for a given set of x it or mean replenishment 
times, the final step is to treat these replenishment times as variables and solve 
the problem formulate in equation (19), that is, minimize the sum of the inventory 
holding, lost sale, and transportation costs. 

If only a few transportation alternatives are under consideration, this is not 
a very difficult problem. Suppose, for example, that the manager wished to choose 
between common carrier LTL, a ground package service such as UPS, and an air 
service such as Federal Express. Given the transportation costs and replenishment 
times implied by each transportation option, one would simply solve the original 
problem three times, each time with a different set of transportation parameters, 
and choose the low cost alternative. 

A more comprehensive approach to a solution would recognize that there are 
in fact a great many possible choices for the system mean replenishment time and 
would seek to establish x*, or the optimal system-wide mean replenishment time. 
This situation is depicted in Figure 3. In this illustration the dotted line labeled 
"Transport Cost" represents the total transportation cost per unit time_as determined 
by choice of mean replenishment speed, that is, it is a graph of T[t]. Hie dashed 
line labeled "Inventory Costs" represents the minimized sum of inventory holding 
costs and lost sale costs given the specific value of t. The solid line labeled "Total 
System Cost" is the sum of the transportation cost, inventory holding cost, and 
lost sale cost. Solving the general problem involves finding the value of x and 
the associated stockage allocation which minimize this total cost curve. 

An efficient search procedure to find this solution is as follows. First, establish 
a meaningful increment in x. That is, determine what constitutes a managerially 
meaningful difference in the mean replenishment time. Differences on the order 
of one day, or perhaps even a few hours, might be meaningful; differences on 
the order of one minute generally are not. This implies that while it is mathematically 
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possible to evaluate total systems costs at t = 3.0 days and at x = 3.01 day^ 
in practice this comparison will not mean very much because the increment in x 
is so small. Once a meaningful increment is established, the search procedure will 
consist of sequentially evaluating the total cost expression as x is incremented from 
a low starting point As x is increased, total system costs will gradually fall until 
the minimum is reached and will then begin to rise. 

FIGURE 3 

INCORPORATING TRANSPORTATION SPEED AND 
COST IN THE INVENTORY DECISION 




In spite of the selection of a meaningful increment in x it might seem that 
this search procedure will be a very lengthy process because it seems to imply 
that the entire basic problem must be resolved scores of times with new replenishment 
time parameters. In fact, however, this need not be the case. By starting at the 
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low end of the range of feasible values for x, this search procedure can take advantage 
of the nature of the stockage algorithm. Recall that the stockage algorithm starts 
with a given set of replenishment time parameters, establishes minimum stockage 
at all locations, and builds inventory incrementally to an optimal allocation. When 
we increment x by, say, A, it will generally be the case that the optimal stockage 
allocation given x+A will consist of the optimal stockage allocation given x plus 
some additional stock at some locations. Thus each time we increment x, we need 
not set the stockage allocation algorithm "back to zero.'* The analysis of x+A can 
begin with the stock position identified in the analysis of x. This approach to the 
transportation cost trade-off analysis will greatly reduce the computational effort 
required; nevertheless, on a large system with many items at many locations this 
may remain a lengthy job. On the other hand, this is not the kind of analysts 
that will be done on a daily basis. Establishing the optimal system replenishment 
time would probably be done no more often than quarterly. 

MODEL VALIDATION 

Estimation of System Performance 

In order to test the accuracy of the inventory system model defined by equations 
(7) through (12), an event-oriented Monte Carlo simulation of the inventory system 
was constructed in FORTRAN. Sample means of system fill rate performance 
generated by the simulation were used as benchmarks to gauge the ability of the 
analytic model to estimate expected system fill rate performance associated with 
a given allocation of stock. 

Performance comparisons on a sample item to be stocked at ten stores are 
presented in Tables 4 and 5. Demand rates and resupply times at each location 
are as shown in Table 3. System fill rates are averages calculated over 10 simulation 
runs, where each run was long enough to generate 20,000 demands. Given that 
the demand rate of 2.0 represented a rate of two demands per day, this would 
be the equivalent of simulating the operation of the inventory system over a period 
of 10,000 days. 
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TABLE 3 



SAMPLE ITEM PARAMETERS 



Location 


Demand Rate 


Resupply Time 


Store i 


2.0 


1 


Warehouse 




4 



One-for-one Reordering at All Locations 

A set of results for the sample item is shown in Table 4, which compares 
the system fill rate calculated by the analytic model to the estimates generated 
by the simulation across a range of total stockage. In each case, the allocation 
of stockage across locations which was tested is a near-optimal distribution as 
determined by the analytic model. 

Lot Sizing at the Warehouse 

A second set of results for the sample item (in Tfcble 5) examines the accuracy 
of the approximate treatment of lot-sizing at the warehouse provided by equation 
(18). An allocation of stock for the sample item was considered which included 
70 units stocked at the warehouse and 6 units stocked at each of ten retail locations. 
Lot sizes of I through 25 units per replenishment order were examined. Representative 
results are displayed in Table 5; as would be expected, incorporating batched 
replenishment at the warehouse reduces the level of system fill rate which can 
be attained from a given allocation of stock. The heuristic treatment of batching 
provided by equation (18) produces model estimates which are reasonably accurate, 
but not so accurate as the situation with one-for-one replenishment at all locations. 

IMPLEMENTATION ISSUES AND CONCLUDING COMMENTS 

Like all modeling efforts, this analysis includes a number of limitations and 
simplifying assumptions which may or may not be reasonable in a given application. 
In general, the quality of a solution produced by the model will depend on the 
accuracy of all the model parameters, but the greatest potential problem is most 
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TABLE 4 



ACCURACY OF THE INVENTORY MODEL 
WITH ONE-FOR-ONE REPLENISHMENT 



System Stock 


System Fill Rate (%) 


Warehouse 
Stock 


Store 
Stock 


Model 
Estimate 


Simulation 
Mean 


Standard 
Error 


50 


40 


75.213 


75.216 


.019 


60 


40 


81.674 


82.095 


.129 


60 


50 


87.400 


87.324 


.118 


70 


50 


92.186 


92.372 


.059 


70 


60 


95.764 


95.447 


.104 


70 


70 


97.969 


97.650 


.059 


80 


70 


99.254 


99.098 


.036 



TABLE 5 



ACCURACY OF THE INVENTORY MODEL WITH 
LOT-SIZING AT THE WAREHOUSE 





System Fill Rate (%) 


Lot Size 


Model 
Estimate 


Simulation 
Mean 


Standard 
Error 


1 


95.764 


95.447 


.054 


2 


92.443 


95.366 


.084 


3 


93.190 


95.182 


.072 


4 


93.567 


94.999 


.070 


5 


93.754 


94.637 


.104 


10 


93.598 


93.412 


.063 


15 


92.802 


92.136 


.132 


20 


91.775 


90.492 


.110 


25 


90.618 


88.766 


.113 
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likely to occur with the estimates of item demand rates (the Xy). First, there is 
the general problem of forecasting disaggregated item demand. In addition, the 
model assumes that item demand processes are mutually independent 

Demand Forecasting 

Implementation of this technique would require a set of demand rate estimates, 
that is, a ^ estimate for each item at each store. Typically these data would be 
generated by a short range time series forecasting technique such as exponential 
smoothing. A complicating factor which will frequently arise, particularly in a 
consumer retail environment, is the fact that the firm's "demand" history is actually 
a record of sales. In many cases no records of lost sales are maintained; in the 
typical "self-service" retail environment, the inventory system has no way to 
recognize or record the occurrence of a lost sale. In such a system, use of the 
sales histoiy data would generate a biased forecast of the true or latent demand 
for the item. Without capturing actual lost sales data (which may be very difficult 
to do), this can be a difficult problem to resolve, but it should not be ignored. 
A simple and approximate treatment would be to adjust the recorded sales data 
based on the achieved availability of the item. For example, if an item experienced 
sales of units at a given store during a given sales period, and if the item 
were in stock and available for sale for a fraction of time, A, of the sales period, 
then a rough estimate of the true demand during the period, D ijf would be: 



Correlated Demand 

Another potentially serious implementation problem is the assumption that the 
item demand processes are independent across the stores. It is very easy to envision 
occasions where this would not be the case; for example, situations which might 
cause an unusually high demand for an item at one store (such as unusual weather) 
might cause high demand across all the stores. The model developed here depends 
strongly on the assumption that demands are uncorrelated. In the case where demands 
are correlated, more total system stock will be required to achieve a given fill 
rate, and a higher proportion of total system stock will generally be allocated to 
die warehouse than would be the case in the situation with uncorrelated demand. 
We are currently developing an extension to die approach presented here that 




A 



(29) 
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explicitly considers demand patterns that are intercorrelated across time and across 
locations. 

CONCLUSION 

This paper has developed a model to determine near optimal inventory allocations 
in a multi-item, multi-echelon, distribution inventory system with backorders at 
the upper echelon and lost sales at the lower echelon. The model is appropriate 
where retail customer demands are independent and can be adequately represented 
by Poisson or compound-Poisson probability distributions, where resupply times 
follow any stationary, independent probability distribution, and where stock is 
replenished on a one-far-one basis as it is used In addition, an approximate treatment 
was suggested to accommodate batch replenishment at the upper echelon, and the 
model was extended to include explicit consideration of the appropriate trade-off 
between inventory levels and transportation costs. 

The distribution strategy described by this model is applicable across many 
different kinds of products, including appliances, electronics, auto parts, and clothing. 
The essential characteristics of the system are that a broad range of SKUs are 
maintained at a number of locations, that items exhibit low demand rates at any 
given location, and that stockouts result in lost sales. 

This mode) and solution procedures were developed in an attempt to build 
a theoretic framework as well as a practical technique to model the "Quick Response" 
inventory deployment systems which many retailers are currently establishing. This 
approach captures the inherently stochastic nature of the problem in an optimum 
seeking framework. Additional work is underway to understand and incorporate 
the effects of intercorrelated demand structures which are frequently found in such 
systems. 
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